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A BSTR A C T
EVAPORATION OF LIQUID SEED DROPLETS IN LASER VELOCIMETRY
Ostdiek, Gary Charles
University o f Dayton, 1995
Advisor: Dr. Douglas C. Rabe
A theoretical model o f the evaporation of small liquid drops in the inlet flowfield 
and test compressor o f the Air Force's Compressor Research Facility was developed. The 
drops are purposely inserted into the flowfield as seeds for a laser velocimetry system,
and it is desired to choose a seed liquid whose drops will not evaporate. A computer 
program was written to model the flow and evaporation, and the data from this program is
presented in the form o f drop diameter versus distance traveled. It shows that drops of
the present seed liquid, glycerine, should survive through the first stage o f a compressor
but may evaporate in the later stages.
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cross sectional area of CRF or compressor at a specified location (m2)
acceleration of drop in the flowfield (m / s2)
transfer number (non dimensional),
or mass transfer driving force (non dimensional)
mass transfer number (non dimensional)
thermal transfer number (non dimensional)
coefficients (no units) to a second order curve fit of saturated vapor
pressure (mm Hg) as a function of temperature (K)
mass concentration (non dimensional)
mass concentration or fraction of seed vapor in the free stream (non 
dimensional)
mass concentration of seed vapor at the drop surface (non dimensional) 
reference mass concentration of seed vapor (non dimensional) 
reference mass concentration of air (non dimensional) 
mass concentration of seed material in drop interior (non dimensional) 
specific heat (J I kg K)
specific heat at constant pressure of air (J / kg K)
specific heat at constant pressure of seed liquid (J / kg K)
specific heat at constant pressure of seed vapor (J / kg K)
specific heat at constant pressure of seed vapor/air mixture (J / kg K) 
in C. IV, drop diameter and initial drop diameter (m) 
drop diameter (m)
diffusion coefficient or diffiisivity of drop vapor into air (m2/s) 
drag force exerted on sphere by flowfield (kg m / s) 
mass flux (kg I m2 s)
gravitational constant (kg m / N s2)
mass transfer conductance (kg I m2 s)
convection heat transfer coefficient (J / m2 s K)
convection heat transfer coefficient o f drop (J / m2 s K)
enthalpy (J / kg)
thermal conductivity (J / m s K)







































thermal conductivity o f drop liquid (J / m s K)
thermal conductivity o f drop vapor (J / m s K)
thermal conductivity o f seed vapor/air mixture (J / m s K) 
latent heat o f vaporization o f drop liquid at TB (J / kg) 
latent heat o f vaporization o f drop liquid at To (J / kg)
Lewis Number (non-dimensional)
mass o f drop (kg)
mass evaporation rate of drop (kg I s)
mass evaporation rate per unit surface area o f drop (kg I m2 s) 
mass flow rate of the flowfield (kg I s) 
corrected mass flow rate o f the flowfield (kg / s)
Mach number o f the flowfield (non dimensional) 
molecular weight o f air (kg / kmole) 
molecular weight o f seed liquid (kg I kmole)
Nusselt Number o f drop in flowfield (non dimensional) 
pressure (Pa)
static pressure of flowfield (Pa)
total pressure o f flowfield (Pa)
standard pressure of air (Pa)
pressure at drop surface (Pa)
saturated vapor pressure at drop surface (Pa)
Prandtl Number (non dimensional)
Prandtl Number o f air/seed vapor mixture (non dimensional) 
heat transfer rate per unit area (W / m2, J / m2 s) 
perfect gas constant (J / kg K)
Reynolds Number o f a drop in the flowfield (non dimensional) 
temperature (K)
static temperature o f flowfield (K)
total temperature of flowfield (K)
standard temperature of air (K)
boiling temperature of seed liquid (K)
static temperature o f air/seed vapor mixture at the drop surface (K) 
equilibrium or wet-bulb temperature o f drop for a given air temp. (K) 
critical temperature o f seed liquid (K)
temperature below which saturated vapor pressure is always 0 Pa (K) 
time (s)
velocity (m / s)
speed of sound (m / s)
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velocity o f flowfield (m / s)
velocity o f drop (m / s)
relative velocity o f flowfield and drop (m / s)
axial distance in the CRF, compressor, or a finite element cell (m) 



















thermal diffusivity (m2 / s)
change in a variable value over a specific time or distance; At, AT0 Ad 
ratio o f specific heats; C p /c v  (non dimensional)
= k/cp = pDc in Conserved Property Theory 
steady-state evaporation constant (m2 / s) 
steady-state evaporation constant with convection effects (m2 / s) 
dynamic viscosity (kg / m s)
dynamic viscosity o f air (kg / m s)
dynamic viscosity of seed vapor (kg / m s)
dynamic viscosity o f seed vapor/air mixture (kg / m s)
kinematic viscosity o f air (m2 / s)
3.14159259
density (k g /m 3)
static density o f air (kg / m3)
density o f seed liquid (kg / m3)
density o f seed vapor (kg / m3)
turbulence intensity in flowfield; u'/u (non dimensional)












refers to boiling temperature (TB, LB)
coefficient (Dc)
critical point value (TCR)
refers to drop diameter (ReD)
drop interior value (C,)
seed liquid value
value for the mixture o f seed vapor and air at the drop surface (kM), or 
mass transport value (BM)
X
O drop surface value
P refers to pressure (Cp)
R reference value ( C ^ r , C v r )
S saturated vapor value (Ps o)
ST steady-state value (A.ST, X'ST)
T thermal transport value (BT)
V  seed vapor value
1 value at the start o f  a finite element cell
2 value at the end o f  a finite element cell
»  freestream or flow field value
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IN TRO DU CTIO N
This study was conducted to aid the development o f flow measurement in
turbomachinery, and particularly the velocity measurement of flow through aircraft gas
turbine fans and compressors tested in the Air Force's Compressor Research Facility
(CRF).
As compressor design has become more exacting and complex in an effort to
increase efficiency and reduce weight, the theories used in their design have
correspondingly become more exacting and complex. Three dimensional flow
knowledge has become necessary to test computer models and prototype compressors.
However, exact measurement o f the flow in turbine compressors, especially three
dimensional flow measurement, is very difficult. Among the many different factors or
aspects o f the flow that make modeling and measurement difficult are the geometry and
movement o f some o f the interior parts of the engine, turbulence, unsteady flow, wall and
blade boundary layers, wakes from rotors and stators, leakage, and secondary flows.
L A SE R  V E L O C IM E T R Y
One method o f flow velocity measurement is laser velocimetry. Laser 
velocimetry employs a laser to emit light into a flowfield. Particles in the flow (natural 
contaminants such as dust or artificial particles purposely seeded into the flow) reflect or
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scatter the laser's light when they encounter it. A small percentage of the scattered light
will be reflected back at the laser and a photodetector senses this light. Certain
characteristics from the scattered light directly correspond to the velocity o f the particle,
so the velocity o f the particle can be determined. If the particles are small enough and
light enough to follow the flowfield, the velocity of the flow can thus be determined.
Eckhardt (1) reports that "it has been shown theoretically and experimentally that
particles with a diameter between .1 and 1 micrometers ... follow the streamlines in all 
practical applications so exactly that mean and turbulent velocities can be determined
with sufficient accuracy."
The Laser Doppler Velocimetry (LDV) method employed at the CRF uses two
beams o f light split from the same laser and intersecting in a fringe pattern. This fringe
pattern is due to the constructive and destructive interference o f the two beams where
they meet. A particle passing through the fringe pattern scatters light, some o f which is
reflected back at a photodetector. The intensity of the reflected light as measured over
time will be a sinusoidal function due to the interference pattern of the two laser beams
that the particle traveled through. This intensity fluctuation is directly related to the 
velocity component o f the particle perpendicular to the fringe pattern, and can thus be 
used to determine that velocity component. Other components o f the flow velocity can 
be determined by using other laser colors and fringe patterns set perpendicular to the 
original pattern.
The non-intrusive nature o f laser velocimetry makes it especially useful for 
measuring flow in the rotating rows of blades in a compressor or fan. However, there are
difficulties associated with laser velocimetry. A very small percentage o f the light 
scattered by a particle is reflected back to the photodetector. The intensity o f this light
can be less than that o f the background radiation. This necessitates a very high signal to
noise ratio.
Another requirement when measuring internal flows is viewing access. In the
case o f the CRF, a window must be constructed in the test compressor case where a
measurement is to be taken so that the laser light can be directed into the flow from
outside the compressor.
A final difficulty with laser velocimetry has to do with the choice o f particles used
to reflect the laser light. Using natural contaminants already in the flowfield is not
practical. Usually there are not enough of them in the flowfield to yield an acceptable 
data acquisition rate. Therefore, some type of particle has to be purposely inserted or
seeded into the flow. Solid particles inserted into the flow have the advantage of being a
known diameter, and should remain a constant shape. The CRF system previously
employed polystyrene latex (PSL) spheres as seeds. To seed the flow, the spheres o f PSL
were suspended in a fluid carrier, isopropyl alcohol. This technique required that
relatively large quantities of liquid be injected into the flowfield. This seed material
coated some of the equipment in the flow path, necessitating the cleaning o f instruments
and compressor components.
CRF personnel then turned to liquid seeds. Experience has shown that liquid 
seeds pose no problems to instrumentation and compressor components. Only a small 
amount o f liquid needs to be seeded into the flow in order to get an acceptable rate of
3
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particles passing through the laser fringe pattern because all o f the liquid becomes seed 
particles. The liquid used with the PSL seeds only suspended the seed particles. In order 
to properly follow the flowfield, however, the drops must be on the order of one micron 
in diameter. This requirement posed the question and possible problem of evaporation.
The small liquid drops might quickly evaporate in the conditions o f the CRF flowfield.
This study was therefore undertaken to model the evaporation o f liquid seed
droplets for the CRF's laser velocimetry system. This study includes a mathematical
model o f liquid drop evaporation in the CRF capable o f predicting the evaporation of a
liquid drop in a given compressor at different flow conditions. The model was to be
contained in a computer code that could quickly calculate and output the model's
predictions. Predicting the evaporation of a given type of liquid drop will aid CRF
personnel in the selection of liquid seed material or in the selection of a carrier fluid when
using solid seeds.
This study started with a review of several different theories o f evaporation and 
mass transport. From these theories a mathematical model o f small droplet evaporation 
was developed. This model development was influenced by the flow expected in the 
CRF and the methods used to store the liquid and insert it into the flow. The theory 
therefore contains provisions for temperature and pressure changes in the flowfield, for 
velocity changes in the flow, for the initial velocity and temperature o f the seeded drops 
being less than those o f the flow, and for changes in the drop velocity as a result of 
changes in the flowfield velocity.
A FORTRAN code was then written which incorporates the evaporation model.
This code determines the evaporation of a liquid drop as it passes through the CRF and
the test compressor. A necessary part o f the code was the modeling o f the flow through
the CRF and the test compressor. A model of the drop acceleration due to the forces of
the flow was also necessary.
The FORTRAN code (DRYER.FOR, for Drop Evaporation Routine) uses three
input files; the files contain information about the flow in the CRF (FLOW.DAT), the
liquid being used for the seed (SEED.DAT), and the test compressor
(COMPRESSOR.DAT). These input files supply the initial conditions for the flow and
evaporation models. DRYER divides the CRF and test compressor into finite sections or
cells; for each resulting section it computes and outputs the distance from the place the
drops are seeded into the flow, the flow area, the total and static temperature of the flow,
the total and static pressure of the flow, the Mach number of the flow, the flow velocity,
the drop velocity, the drop temperature, the drop diameter, the time taken for the drop to
travel from the last section to the present one, and the total time the drop has been in the 
flowfield. The drop has evaporated when the drop diameter reaches zero.
C O M PR E SSO R  R E SEA R C H  FA C ILITY
The Compressor Research Facility (CRF) is an Air Force owned and operated 
wind tunnel-like facility used to test the performance of aircraft turbine engine fans and
compressors. The facility is completely computer controlled. The test compressor is the 
prime mover for the air through the CRF. The compressor in turn is powered by one of 
two 30,000 hp electric motors. As shown in Fig. 1.1, the inlet and test areas o f the CRF
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consist of five inlet valves, a flow conditioning barrel which includes the flow
conditioners, a test article bellmouth and inlet duct, the test compressor itself, and a
discharge valve leading to the discharge stack. The CRF can produce a mass flow rate of
6.8 to 226.8 kg/sec, and the electric motors can spin the compressor at a maximum speed
of 30,000 RPM.
TO
Figure 1.1: Compressor Research Facility Schematic
Flow enters the CRF through the five inlet valves. These, together with the 
exhaust valve and the compressor, control the mass flow rate and pressure in the CRF. 
Air is presently drawn in at the ambient temperature. However, in the future the inlet 
may contain an air heating system to increase the inlet air temperature. Due to the inlet
valves, the air entering the flow conditioning chamber can have a turbulence intensity as 
high as 60%. The air is passed through flow conditioners in order to reduce this level to
the 1% desired for accurate compressor performance tests. The flow conditioners are a
series o f screens and honeycombs which straighten the flow and reduce its turbulence to
the desired amount. The seed droplets are presently injected into the flow from hoses and
nozzles immediately downstream of the flow conditioner section. The flow then passes
through a constant area section called the flow conditioning barrel to let the turbulence
decay.
After it passes through the flow conditioning barrel the flow enters a bellmouth
that narrows the flow's area from that o f the flow conditioning barrel to the dimensions of
the test compressor. This reduction in area also greatly increases the velocity o f the
flowfield. The flow then passes through the inlet duct and enters the test compressor. 
Inside the compressor the flow passes through the rotors and stators that make up the 
stages o f a compressor. The compressor used as a model in this work has two stages.
A compressor subjects the flow through it to rapid pressure, temperature, and 
velocity changes. In addition, complicated flow conditions such as boundary layers, tip 
flows, surging, stalling, centrifugal forces, and turbulence can occur. Since a complete 
model o f the flow in the compressor is far beyond the scope o f this study, some necessary 
simplifications in the flow model had to be made.
In brief, the assumptions made about the flow in the CRF and test compressor 
were steady, isentropic, quasi 1-D flow of a perfect gas from the end of the flow 
conditioners to the test compressor. The test compressor was modeled with steady, quasi
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1-D flow of a perfect gas. The rotors and stators have (given) total temperature and 
pressure ratios which reflect the work done on the air passing through them, and these 
ratios were used to model those areas o f the compressor. The temperature and pressure 
changes were assumed to vary linearly across a rotor or stator. Isentropic conditions were
assumed present at the beginning and end of a rotor or stator. Flow normal to the
compressor is assumed to be always subsonic as otherwise choked flow would result.
Pipe friction was neglected, and as the CRF presently has no heating system, heat
addition was neglected.
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C H A PT E R  I
B A C K G R O U N D  R E SEA R C H
After an initial theory o f drop evaporation and flow in the CRF was developed,
five major works (2-6) were studied. The model o f drop evaporation came primarily
from two of these sources, Kays and Crawford (2) and Lefebvre(3). The other sources
were used in part or in comparison with the developed evaporation theory and they will
be documented in this background chapter.
The different sources often used different symbols to represent the same variable.
Presenting each theory with its original symbols would create confusion. Therefore, a 
single system of terminology is incorporated wherever possible. This uses the
nomenclature described in the Preface. If a theory is presented using different variables
or units than the nomenclature, these symbols are described in that section. This was
done particularly for the work of Fuchs (4), which used different units and some different
variables than the other theories, which were similar to each other.
IN IT IA L  TH EO R Y
The initial theory is a statement o f what was felt to be the important factors in
droplet evaporation and flow in the CRF. The flow and evaporation through the CRF
was thought to occur in several stages, as follows.
Stage I was to start with the injection of a drop into the flowfield from nozzles
attached to the downstream edge of the flow conditioners. The drop would accelerate to
the speed of the flowfield and be heated or cooled by the flow to its equilibrium or wet-
bulb temperature. Flow over a sphere could be used to model the droplet flow and
evaporation. Rapid evaporation could occur because of the differences between the 
temperature and velocity of the drop and those of the flowfield. The relatively high (8%)
turbulence in the flowfield as the drop accelerates could also contribute to evaporation. 
Stage II would encompass steady-state flow of the drop in the flow conditioning
barrel at the velocity of the flowfield with steady-state evaporation. Turbulence would 
decrease from 8% to 2% through the flow conditioning barrel, and other flow conditions
would remain steady. It could be assumed that the drops would follow the flowfield
closely enough that in this stage they would follow the velocity fluctuations that make up
turbulence. Therefore, turbulence would not increase the relative velocity between the
drop and the flowfield and hence would not increase the rate of evaporation from the
drop. This assumption was based on the statement by Eckhardt (1) abou t"... particles
with a diameter between 1 and .1 micrometers ... follow the streamlines in all practical
applications so exactly that mean and turbulent velocities can be determined ..." The drop
should evaporate steadily (if somewhat slowly due to the relatively low temperature of
the flowfield and the similarity between the drop and the flowfield velocity), and remain
at its wet-bulb temperature.
Stage III would include the large increase in flowfield velocity and the slight
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decrease in flowfield pressure and temperature associated with the bellmouth and inlet
11
duct in the CRF. The drop should closely follow velocity changes, and this should have
little effect on the evaporation rate.
Stage IIII would be the flow through the compressor stages, which includes rapid
temperature and pressure changes and high overall velocities. Evaporation could be rapid
due to increased flowfield temperatures. The assumptions made about flow in the
compressor should not severely affect the accuracy o f the evaporation model.
M A X W E L L  EQ U A TIO N
The first theory researched was one based on the Maxwell Equation. This theory
was reported by Fuchs (4) and was derived specifically for droplet evaporation. It gives 
equations for the evaporation rate for drops, the heat transfer to and from them, and the
drop temperature for motionless and moving drops relative to the flowfield. The theory
begins with a statement that,
"Under natural conditions this phenomenon is extremely complex. The
bulk of the droplet evaporates almost immediately; the process is non-
stationary and occurs in a medium with unequal temperature and vapor
concentrations; the drops move irregularly relative to the medium and are
more or less deformed, while circulation arises within the drops; heat 
transfer between the drops and the medium occurs by three different 
mechanisms (conduction, convection, and radiation). The theory is 
therefore very complex and a number of simplifying assumptions have to
be made ...".
The assumptions made are as follows: stationary evaporation of a uniform,
spherical drop in a uniform medium, or quasistationary evaporation where "... the rate of
the process at any given moment equals the rate o f the stationary process with the
boundary conditions obtaining at that m om ent..."; the radius o f the drop is much greater
than the mean free path o f the vapor molecules o f the drop; the vapor and surrounding
medium obey the perfect gas law; and the concentration o f vapor molecules at the drop
surface is much less than the normal vapor molecular density.
For drops motionless relative to the surrounding medium, the basic equation by
Maxwell (1877) is
mv0 - -4nz2-^ D c , (1.1)
az
where mvo = mass evaporation rate (g/s)
z = distance from center o f drop (cm)
C = vapor concentration (g/cm3)
Dc = diffusion coefficient o f vapor (cm2/s).
For the boundary conditions
C = when z = °° (free-stream value)
C = Co when z = r (drop surface value)
where r = drop radius (cm),
and for the perfect gas assumption C = PM/RT, 
where P = pressure
12
M = molecular weight (g/mole)
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R =  perfect gas constant (cm2 mm Hg / K m ole) 
T =  temperature (K)
the drop evaporation rate is
(1-2)
where ML = molecular weight o f  liquid (g/m ole)
Ps o =  saturated vapor pressure o f  the drop at To
- free stream air pressure
To =  drop temperature (K).
Additionally, when Co «  pL, the drop liquid density (g/cm 3), the mass evaporation rate is
. 0 -3 )
where m =  m ass o f  drop (g)
t =  time (s).
This leads to an equation for the radius o f  the drop r,
Pl
(1.4)
where r0 =  initial drop radius (cm).
The temperature o f  the drop surface, To, is given by
(1.5)
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where TM = air temperature (K)
L = latent heat of vaporization (cal/g)
kA = thermal conductivity o f air (cal / K cm s).
One of the difficulties with using this theory was that for this equation To and Co were
often both unknown. The vapor pressure at the surface o f the drop can be found using
either o f two equations:
exp(
4rcrR kAT j (1-6)
m y . O R T o»
4 n rD cMLPs (1-7)
where Ps „  = drop saturated vapor pressure at
For drops moving relative to the surrounding medium, the evaporation rate is
Sh = 2 (1 + pRe 1/2S c1/3) , (1.8)
where Sh = Sherwood number
p = .34
Re = Reynolds Number
Sc = Schmidt Number,
and
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Sh ’ I n r D ^ - C . )
Thus, combining these two equations,
- 47trDc(C0-C 0O)( 1 ♦ pRe wSc ,fl) .
The heat transfer to the drop is given by
Nu = 2 ( l  + P R e inP r in) ,
where Nu = Nusselt Number
Pr = Prandtl Number,
and the drop temperature can be found using
T T LDc l tP R e ^ Sc1”





where kL = drop thermal conductivity (cal / K cm s).
While this theory seemed complete, some of the variables and properties were 
unusual and hard to fmd. The temperature and concentration of the vapor at the drop 
surface were especially difficult to determine using this method. This and a low overall 
confidence in the theory and some of the derivations resulted in continued research using
other sources.
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H E R T Z -K N U D SO N  A N D  SC H R AG E E Q U A TIO N S
These equations, reported by Barrett and Clement (5), are based on kinetic theory. 
They both predict the mass flux from a body (such as a droplet).
The Hertz-Knudson equation predicts mass flux as follows:
A" ■ < « A ?
2nR' 1/2 (M 3 )1/2 '
where: m" = mass flux (kg/m2-s)
oE = evaporation coefficient = approx. 1
oc = condensation coefficient = approx. 1
Pv o = vapor pressure at the drop surface 
Pv = vapor pressure in the free stream
M l = molecular weight of liquid
R = perfect gas constant
To = liquid surface temperature
Tx = free stream temperature .
The Schrage equation, for oE = oc = 1, predicts twice the mass flux as the Hertz-
Knudson equation:
m" = ( - ^
2irR l-.5o T ’«C A 0
V, °°
l-.5o T 1/2 (1-14)
) •
These equations appeared to be difficult to use if the boundary condition represented by
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the drop surface temperature was unknown. In this study the drops are surrounded by a 
flowfield o f known temperature, but the drop is at a lower temperature. This lower
temperature is the drop's equilibrium or wet-bulb temperature. Knowledge o f this wet-
bulb temperature is vital to calculating the heat and mass transfer between the drop and 
flowfield, and the sources the evaporation theory used in this study was developed from
included methods o f determining that temperature. These equations were not used
because they did not readily supply that information.
B A SIC  H E A T  TR A N SFE R
A heat transfer textbook by Incropera and DeWitt (6) was used as a basic resource
on heat transfer. Important equations from this work include Newton's Law of Cooling,
q" ■ h(T0- T J  ( X ) (1-15)
m










For convective heat transfer from spheres under forced convection, the following
Nusselt correlation was used:
Nu = 2 + .6RejJflP r w . (1.19)
While this source did not present a complete theory for heat and mass transfer that
would be usable for this study, it did serve as a basic source and to reinforce and tie
together other works.
C O N SE R V E D  PR O PE R T Y  TH EO R Y
The main sources for the drop evaporation model are Kays and Crawford (2) and
Lefebvre (3). The work by Kays and Crawford provided basic theory, while the work by
Lefebvre was oriented toward producing an algorithm to find the drop diameter and
temperature. The two works complemented each other.
The governing laws o f this theory, the "Conserved Property Theory", are 
Conservation of Mass and Conservation of Energy. Heat transfer is modeled by 
combining the Fourier Law of Conduction with convection theory, while diffusion is
modeled with Fick's Law of Diffusion.
The mass transfer theory used is for a fluid in a fluid system with existing 
concentration gradients that cause mass transfer. It calculates the mass and energy 
transfer rates at the phase interface. Fick's Law is used, so the mass diffusion rate is only 
proportional to the concentration gradient o f the diffusing substance and is independent of 
the temperature, pressure, and concentration gradients o f other substances in the mixture.
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This theory is exact only for a binary system such as water in air or glycerine in air.
The total m ass flux G crossing a control surface is
G - u p  ( -* ^ -)  , (1.20)
m 2-s
and i f  G is constant over a cross sectional area A, then the mass flow  rate m is
m = A G  - A u p  (— ) . (1-21)
s
The sim plified governing equations are the mass diffusion equation with no
chemical reactions and no mass creation,
G —  - — ( P DC— ) = 0 
y dy  dy c dy (1-22)
and the energy equation with the assumption Le =  1,
g A + g A . ± ( 1 A ) . o ,
x 3x y dy dy cp dy (1-23)
where C =  mass concentration (non-dimensional)
x = x  coordinate
y =  y  coordinate
i = enthalpy (J/kg).
The Le =  1 assumption, where
( J s . )
m-s (1.24)
is valid for gas mixtures and many liquid mixtures. The Lewis number for glycerine, the
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primary seed liquid o f  this study, was calculated to verify this assumption and was on the 
order o f  magnitude o f  1.
The general form o f  the sim plified mass transfer and energy equations is termed
the P equation, and is
G VP - V ■ X VP - 0 , (1.25)
or
O »  . O , * - , 
9x 9y 3y 9y
(1.26)
where X - -  ’ PDC
P -  C ,i ,T ,e tc .
P is a conserved property o f  the second kind i f  it satisfies the P equation
G V P - V -  X VP =  0.





where m"vo - mass evaporation rate per unit area (kg/m2s) 
and the subscripts: °° =  free stream value
0 =  drop surface value
I =  drop interior value .
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(C . - C.) m 2-s
( A ) .
and for the energy equation this boundary condition is
m"v .0
( — ) ( ^ )  
k, 9y o _ kp ay „ kg }
CP (>0 - ii) CP (To - T,) m2-s
(1-29)
for constant Cp.
To solve the P equation for the forms o f  the boundary condition the m ass transfer 
conductance g is defined as
g
( P .  - P„) m 2,s
(1.30)
Equation 1.30 can be rewritten as
■ 8 ( P .  - p .) ( - ^ - )  .
dy m 2>s
Combining Eqn. 1.27, the boundary condition m"vo 
equation for mass transfer rate is obtained:
z P«o"P0\
(1.31)
( P o - p:)
and Eqn. 1.31, an
m' V.O




D efining the m ass transfer driving force B as
B  .  ( —- — - )  (non dimensional) ,
the follow ing mass transfer equation is obtained:
m"vo - gB ( - ? £ - )  .
m 2-s
(1.33)
(1 3 4 )
To solve this equation, values for g and B (that is, P . ,  Po, and P j  are necessary.
Kays and Crawford suggest that, for uniform composition and a constant specific
heat (T is a conserved property), g  can be written as
g .  (A )  _______
V *  (T .-T .)
( 3 1 )
m 2-s
(1-35)
With the convection heat transfer coefficient h from




g can be expressed as
m 2*s (1.37)
) •
Eqn. 1.34 is the m ass transfer rate per unit surface area o f  an object. For a sphere,
the m ass transfer rate is










Substituting in g - — , the mass transfer rate from a sphere is
- n d ’ ^ B  ( ^ )  . (1.39)
For Nu - this equation is
m ^ . j i d — B N u  ( ^ )  . (1-40)
N usselt correlations for spheres are N u  =  2 for a sphere stationary with respect to the 
surrounding fluid, and N u  =  2  ( 1 +  .3 Reo1/2 Pr1/3) for a sphere m oving with respect to the 
surrounding fluid. Therefore, the mass transfer rate from a sphere, i f  it is stationary with  
respect to the surrounding fluid, is
- 2 n d —B (*$) (1.41)
and the m ass transfer rate from a sphere m oving with respect to the surrounding fluid is
B ( l  + .3ReDw Prw) (1.42)
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C H A PT E R  II
E V A PO R A TIO N  TH EO R Y
The evaporation and mass transfer theory used in this study was derived mainly
from Lefebvre (3). Although the material in this source was oriented towards the
evaporation of hydrocarbon fuel drops, the material is relevant to all liquid drops.
Lefebvre states that
"The evaporation of drops in a spray involves simultaneous heat and mass
transfer processes in which the heat for evaporation is transferred to the
drop surface by conduction and convection from the surrounding hot gas,
and vapor is transferred by convection and diffusion back into the gas
stream. The overall rate of evaporation depends on the pressure,
temperature, and transport properties of the gas; the temperature, volatility,
and diameter o f the drops in the spray; and the velocity of the drops 
relative to that of the surrounding gas."
A drop will evaporate or diffuse into the surrounding medium if  the drop is at or 
above the wet-bulb temperature Ts o or if  there exists a difference in the concentration of 
the drop material between the drop surface, Cv>o , and the surrounding medium, Cv that 
is, evaporation can be driven by temperature or concentration.
The initial assumptions used in this theory are that the drop is a sphere composed
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of a liquid with a well defined boiling point. Air is assumed to be insoluble in the liquid,
and the Lewis number o f the drop in the flow is assumed to equal 1. The flowfield and
drop vapor are assumed to be perfect gases. In addition, radiant heat transfer is assumed
to have a negligible effect on the droplet evaporation. This last assumption is easily 
reconciled with this study, as the CRF has no source o f radiant heat energy to drive 
evaporation. Lefebvre suggested evaluating many drop and air physical properties as
functions o f temperature. Many of these properties, however, and especially the drop 
properties, were assumed constant due to the difficulty of finding them at even one
temperature. This was especially true for glycerine properties.
Lefebvre's work uses the transfer number B in a manner very similar to that used
by Kays and Crawford (2). From a mass transfer perspective (concentration driven
evaporation), the rate o f evaporation of a drop is found using the mass transfer number 
B m. From a heat transfer perspective (temperature driven evaporation), the evaporation
rate is found using the thermal transfer number BT. These two equations have identical
terms save for the use o f BM or BT; when the two equations have equal values, steady-
state evaporation is occurring.
Drop evaporation rate is also affected by the relative motion o f the drop and the 
surrounding gas. If the drop is motionless with respect to the gas, conduction is the
thermal heat transfer model. However, if  there is relative motion, convection heat
transfer is very important, with the Reynolds and Prandtl numbers of the drop and gas 
having a great impact on the evaporation rate.
Based on the evaporation theory used, the drop behavior model involves both
transient and steady-state evaporation, with convection and drop acceleration due to 
changes in the flowfield velocity. The drops are initially injected into the flowfield with
an axial velocity o f zero. They quickly accelerate to the speed of the flow, with the
model o f this acceleration based on Stokes' Law. Evaporation dining these stages
involves convective effects due to the relative velocity of the drop and flowfield. The
drops soon reach a steady-state condition where their velocity matches that of the
flowfield, and conductive effects dominate. At the same time the drop is heating up or
cooling down to its wet-bulb temperature for the flowfield conditions. This transient
state occurs each time the flowfield changes temperature or pressure. In the case o f the
CRF and a test compressor, when the flowfield changes properties it is usually heating
up, so much attention was given to the transient "heat-up" evaporation theory.
Evaporation o f a drop while the drop was cooling to its wet-bulb temperature and steady- 
state evaporation of a drop at its wet-bulb temperature were also modeled. Figure 2.1 is 
the control volume around the drop, showing the inputs and outputs.
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B A SE  E Q U A T IO N S
Lefebvre derives the following mass evaporation equation from the continuity 
equation for the mass rate o f diffusion at a drop's surface and from the equation for the
diffusion driving force o f either concentration gradient or temperature difference. This
mass evaporation equation includes the surface area of a sphere ASPHERE = n d2 (m2), the
D
(Pa), and the Lewis number assumption Le = 1 leading toperfect gas law pv .
Pv D - 2 ^ -  ( J * - ) .  
cp.m m ’ s
For steady-state evaporation o f a liquid drop in a surrounding gas with no relative
velocity between the drop and the gas, the rate of evaporation from the drop to the
surrounding medium is
V v
kw kg-= 2 n d  —  ln (l+ B ) ( ^ )  . (2-1)
P.M
This evaporation rate equation is identical to that of Kays and Crawford (Eqn. 1.43), with
the substitution of ln(l + B) for the term B in the Kays and Crawford equation. This 
term is a result of integrating the differential equation for the diffusion driving force. 
However, for small values of B, such as were seen in this study, In (1 + B) = B, and the
two theories produce nearly identical results.
Steady-state evaporation occurs when the transfer number B = BM = BT. The
dimensionless mass transfer number BM is
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tj V̂,oo '  ^V,0
Cv.o - 1 (2.2)M






The dimensionless thermal transfer number BT is
cw (T .-T o)
(2.4)
The coinciding values o f BM and BT, where B = BM = BT, have to be found by iteration if
the equilibrium temperature Ts 0 is unknown, which is often the case. The case of
transient conduction, where BM * BT, can be modeled by substituting BM for B in Eqn.
2.1.
D 2 L A W  O F EV A PO R A TIO N
For drops motionless relative to their surrounding gaseous medium, XST is the
steady-state evaporation constant defined by
• (2-5)a t  s
This equation is the basis o f the D2 Law of Evaporation,
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d,2 - <  = XST t (m 2) . (2.6)
From the mass evaporation rate equations
m vo . 2 7 t d - ^ - l n ( l +B ) ( - ^ )  (2.7)
cp.m s
and
< 0  ■ A  . (2 -8 )
4 S
the value o f the evaporation constant can be determined as
8 k ,  m 2XST - — - ^ - ln ( l+ B )  ( 5 _ )  . (2.9)
cp,m Pl s
Thus, after a period of time t (sec), the initial drop diameter d, will have changed to the
final drop diameter d2 as modeled by the following equation:
d, = ( d 2 - XSTt)*'2 (m) . (2.10)
This equation is for steady-state droplet evaporation in a gas medium where conduction 
effects dominate because there is no relative velocity between the drop and the
surrounding medium.
30
C O N V E C T IO N  EFFE C T S
When a relative velocity exists between the drop and the gas medium, the
evaporation rate is increased by convective heat and mass transfer effects. Lefebvre,
however, reports that convection does not affect the equilibrium temperature Tso.
A Nusselt correlation for spheres is
Nu - + (2.11)
where
(dimensionless) (2-12)
The "correction factor" of (1 + .3ReDV2PrM1/3) for the Nusselt correlation becomes 
1 when the relative velocity is 0, resulting in Nu = 2 for no flow over the sphere. In
addition, Lefebvre reports that the effects of turbulence on the evaporation rate can be
determined by using the turbulent velocity u' as the velocity in the ReD term in the
correction factor. The present study, however, was undertaken with the assumption that
the drops used in the CRF laser velocimetry system are small enough to follow even the
turbulent velocity fluctuations, so these fluctuations would not result in a flow relative to
the droplet. The droplet experiences relative flow only when it is accelerating or 
decelerating due to changes in the flowfield axial velocity. In DRYER.FOR, the program 
written to model drop evaporation in the CRF, the acceleration o f the drop for each finite 
cell was calculated by a drop acceleration subroutine, and the resultant drop velocity 
relative to the flowfield, Urel , was used in the calculation of ReD for the correction factor.
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W ith the N usselt correlation, the mass evaporation rate is now
m v0 - 2 7 t d - ^ - ln ( l+ B ) ( l+ .3 R e IJnPr^3) ( ^ £ )  . (2.13)
Or* s
This equation is again identical to the corresponding evaporation rate presented by Kays 
and Crawford (Eqn. 1.44), with the exception o f  the term ln (l +  B ) for the term B . The
evaporation constant for convection, X'ST, is
X ' „ - - ^ - h i ( l * B ) ( l +3Ite l)“ Pr“ ) ( — ) ,  (2.14)
cp>«Pl s
and
X'ST - X „ ( l +.3ReD“ Pr“ ) ( ^ )  . (2.15)
s
The D 2 Law for these conditions is
d2 - (d? - (m ) . (2.16)
For a relative velocity o f  0, the Nusselt correlation becom es N u  =  2, and the D 2 Law
becom es
d2 - (d f - XgTt)ia (m ) , (2.17)
which is the equation for conduction effects only.
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D R Y E R .FO R  M O D EL
The program written to model the evaporation o f liquid seed droplets in the CRF,
DRYER.FOR, has a section in the main part of the code and four subroutines devoted to
the evaporation model. For each finite element step in the flow, the code calculates the
equilibrium or wet-bulb temperature of the drop based on drop and flow properties in
subroutine "EQUILIBTEMP". The main code then chooses from one o f three
subroutines to calculate the droplet evaporation, based on the relation o f the drop
temperature (To) and the drop equilibrium temperature (Ts o). If To < Tso , the drop is in
a transient heatup phase and the code calls subroutine "HEATUP"; if  To = Tso , the drop
is in a steady-state evaporation state, and the code calls subroutine"EVAP"; if  To > Tso ,
the drop is in a transient state where its temperature is greater than the equilibrium
temperature, and the code calls subroutine"SUPERHEAT".
In subroutine EQUILIBTEMP, the drop wet-bulb or equilibrium temperature,
Ts 0, and the transfer number B are calculated for the given flowfield conditions. The 
subroutine iterates To in . 1 K increments from TLOW to TK (or TB, if it is reached first), 
until B = B m =  B t and Ts 0 = To.
The following equations are used in subroutine EQUILIBTEMP. The transfer 
numbers BM and BT are calculated using
C





cp>f(^<» ' T ,o)
(dim ensionless) . (2.19)
The m ass concentration o f  the seed vapor at the drop surface is
Cy.c
P « M
♦ (p0-p,0)ma (dim ensionless) , (2.20)
and the reference concentration o f  seed vapor and air are
Cy.it “ CVo + (
Cy. oe “ Cy.o
)  (dim ensionless) (2-21)
and
- 1 - Cv ,  (dim ensionless) (2.22)
Other seed properties calculated include the specific heat at constant pressure o f  the seed 
vapor/air mixture at the drop surface,
cp,m  ■ ( C j u i^ a )  * (CyjiS.v) ^kgK^ (2.23)
the latent heat o f  vaporization o f  the drop liquid at To,





and the pressure at the drop surface
Ps 0 , the saturated vapor pressure of the seed drop, is obtained from a curve fit o f values
of the saturated vapor pressure. C , , C2 , and C3 are coefficients o f that curve fit:
I _ p p * CJTS,o)S.O c (Pa) (2.26)
Subroutine HEATUP finds the change in drop diameter when To is less than Ts o .
The drop goes though a transient "heatup" period until it reaches steady-state conditions.
The evaporation rate is lower than for steady-state conditions because the flowfield must
both heat up and evaporate the drop. This subroutine further subdivides the finite 
element cell for which the program is currently calculating drop evaporation into ten
smaller steps and uses the following iterative method.






Next, the diameter change o f the drop, Ad, is calculated using
Ad a dd = 4kMln (U B M)(U .3 R e i;flP r ^ )
At dt pLcPMd s
so that
Ad « 4kMln (l.B M) ( 1 . .3 R ^ P r - )  
PLCPJ4d
(2.30)
Many of the equations used to solve the terms of the above equations were used in
EQUILIBTEMP. The transfer numbers BM and BT are calculated using
C
Bm - ----- —— (dimensionless) (2.31)
1 ‘ Cv,o
„  cp,m ( t »  - To) ZJ. • , sBt » —- —--------  (dimensionless) (2.32)
The mass evaporation rate of the drop is calculated using the equation that accounts for
convection effects,
mv.o - 2 i id ( ——) ln (l+ B M) ( l  + .3R e“ P t f )  
cpw
( J $ ) (2.33)
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The m ass o f  the drop is
m ■ — p. d 3 
6 L (kg) (2 3 4 )
The saturated vapor pressure o f  the drop is
p s,0 ■ C1e (C‘T° ' c’T“) (P a ) ,
and the pressure at the drop surface is
po - P.0 * P -  (Pa)
(2-35)
(2.36)






the reference concentration o f  the seed vapor,
C„ „  - C„
-" vjl -  ~ V ,0  + ‘ 2C „. ■ C„„ ♦ (■ v' ° \ — — ) (dim ensionless) (2.38)
and the reference concentration o f  air,
- i  - c ViB (dim ensionless) (2.39)
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(2.40)
The specific heat of the seed vapor/air mixture is
cp.m = ^ a,r cp.a * C vji cp.v ( k g  k  )
Thermal conductivity o f the seed vapor/air mixture is
■ c - k'  • • (2.41)
the latent heat of vaporization of the drop liquid at To is
lo = lb (-1̂ ~ I0) ”  (-A ) ,T - TCR kg (2.42)
and the dynamic viscosity of the seed vapor/air mixture is
Mm • CarMa ♦ cVr Mv ( ^ )  • (2.43)
The Reynolds and Prandtl Numbers are calculated as
Ren = (dimensionless) (2.44)
and




The next step in HEATUP is the calculation of new values for To and d using A To 





dj = d, ♦ Ad, (m  ) .
Time within the cell is determined by:
t, = t. + At (s)  ,
(2.47)
(2.48)
and the total time is At] + At2 + ... .
The above process is repeated for ten steps, substituting the calculated new values
of To , d, and t into equations (2.46), (2.47), and (2.48). It stops if  BM = BT and AT0 /At =
0 (that is, the drop has warmed up to Tso ), or when At, + At2 + ... reaches the total time
the drop is in the cell. If  the drop reaches Ts 0 , then for the remaining time the drop is in
the cell its evaporation rate and diameter change are calculated using the steady-state
evaporation model. Otherwise, its final To and d are the values reached in the last
iteration step.
Subroutine EVAP finds the new drop diameter for evaporation in steady-state, 
convective conditions where the drop temperature To is equal to Ts o , the equilibrium
temperature. As in subroutine HEATUP, the drop is assumed to follow turbulent eddies, 
and known seed and air property values are used as discrete values and not as functions of
temperature. Values o f B and Ts o obtained in subroutine EQUILIBTEMP are also used
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in EVAP.
The diameter of a liquid drop at the end of a finite cell traversed by the drop in t
seconds is calculated with the D2 Law of Evaporation with steady-state convection:
d2 = ( d, A'STt ) 1/2 (m) , (2.49)
where the transfer number B is obtained from EQUILIBTEMP:
B = Bm = Bt (dimensionless) (2.50)
The evaporation constant for convection effects is
A 'st = XST ( l  + JR e j^ P r^ 3) (dimensionless) , (2.51)
and the evaporation constant for conduction conditions is
8kMln (l+ B ) 
cp,m P l
(dimensionless) (2.52)
The Reynolds and Prandtl Numbers used are
Pa V  dRe, ( dimensionless) (2.53)
PrM = —- ——  (dimensionless) . (2.54)
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The viscosity and thermal conductivity o f  the drop vapor/air mixture are
fSl " ÂJL̂ A + (2.55)
and
(■ CaA  * Cv A m*S'K (2.56))
Saturated vapor pressure o f  the drop is
P C  « (C>T° ' t’To>r s.o H c (Pa) , (2.57)
and the pressure at the drop surface is
Po - Pg.o * P -  (Pa) (2.58)
The three m ass concentration equations are
P^q Ml
PW K  * (Po - P , o ) M a
( dimensionless) , (2.59)
and
■'VJl (dim ensionless) , (2.60)
and
41
C^R - 1 - CVR (dimensionless)VJ( (2-61)
Specific heat and latent heat are
cp>i “ Cajicp>  + Cv4icp.v ( kg.K)
and
L . T ( T° y 3«
° t ‘ ( Ta l - T . ) 'k g ’
(2.62)
(2.63)
Subroutine SUPERHEAT finds the new drop diameter due to evaporation in
transient, convective conditions where the drop is "superheated" with To greater than Ts o.
This subroutine uses the same algorithm used in EVAP except for the method of
calculating the transfer number B. Instead of using the steady-state value calculated in
EQUILIBTEMP, SUPERHEAT uses a transient value obtained as in HEATUP:
B - Bm ■= ----- —— (dimensionless) , (2.64)
1 '  Cv,o
which for the subroutine's conditions would be unequal to BT . All o f the other equations
used in EVAP are used in the same way in SUPERHEAT.
This subroutine assumes the drop will cool to the equilibrium temperature in the 
cell for which the subroutine is calculating drop evaporation. This assumption was made 
because in the CRF environment, while the flowfield may have large increases in
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temperature, decreases in temperature are usually small. Based on the amount a drop can 
heat up in one cell using the HEATUP subroutine, it is believed that the drops can safely 
be assumed to cool the small amounts required in the CRF in one cell using
SUPERHEAT.
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C H A PT E R  III
M O D EL S FO R  FL O W , DR O P A C C E LER A T IO N , AN D PR O PE R T Y  V A LU ES
FL O W  M O D EL
The basic assumptions o f the model of the CRF flowfield were steady, isentropic
flow of a perfect gas, with heat addition and pipe friction neglected. The quasi 1 -
dimensional (changing area) form of the isentropic flow equations were used.
The compressor was modeled with given pressure and temperature ratios for the
stators and rotors and with average values for the axial and cross sectional area
dimensions. A compressor performs work on the air flowing through it, changing the
total temperature and pressure of the air, and therefore isentropic relations could be used
at the start and end of a stage but not through the stage. Temperature, pressure, and
velocity were assumed to vary linearly from the start to the end of a rotor or stator, and
pressure and temperature were assumed constant in the area between a rotor and stator.
Centrifugal and gravity body forces were neglected, as was any particle lag. In both the
CRF and compressor models, flow in the normal (axial) direction was assumed always
subsonic. Otherwise, choked flow could result.
This basic model provided the temperature and pressure conditions experienced 
by the droplets as they travel through the CRF and compressor. While it is 
unsophisticated from a flow perspective, it was sufficient for the scope of this study and
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for the heat and mass transfer model described in Chapter 2.
Flow conditions at a particular point in the CRF or compressor are found by
iteration in subroutine TEMPRATIO. For known values of T tot , PTOT , R , , A , and
Gc , the routine finds , pA , uSOUND, uM , and M mach . The subroutine also checks
if  choked flow is present by using Fleigner's Formula to calculate the minimum flow area
possible without choking. If the flow is choked, the program outputs an error message 
and sets the area to the minimum allowable (the area where M mach = 1).
TEMPRATIO iterates to find the correct free stream static air temperature Tro for 
the given flow conditions, and based on this value calculates other flow conditions. The 
routine starts with an initial trial value of « Ttot . The program then calculates flow




u SOUND -  (  Y R gc r  ( — )s (3.3)
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u = (3-4)
Using the calculated Mach number and known total temperature, a value for is








If  the difference between the trial and calculated values o f the static air
temperature is small (< .01 degrees Kelvin), then the correct value o f U  has been
found, and the subroutine outputs the calculated flow values and ends. If the difference is
not small, the routine takes as a new trial value of the calculated value TCALC and
repeats the above process to see if  this value satisfies the difference constraint. The
routine iterates in this fashion until an acceptable value of is found.
The CRF and test compressor were modeled as finite elements by being divided
up into cells of differing lengths X and areas A. Cells were named according to their
location in the flow conditioner, flow conditioner barrel, bellmouth, inlet duct,
compressor inlet ("bulletnose"), rotor, stator, the area between a rotor and stator, and the
compressor exit. A schematic of the CRF and its divisions is shown below.
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(POINTS 2-10)
FIG . 3.1: CRF Finite Elements
The test compressor was modeled using the simplified geometry o f average axial
and area values. This geometry is a simplified representation o f a modem compressor, 
but was sufficient for the scope of this study and the evaporation theory used. A sample
test compressor schematic is shown below.
/  1 t
STATOR 1 - sjaTIF 2
(POINTS 3 6 -3 9 ) | (POINTS 4 6 -4 9 )
ROTOR 2 
(POINTS 4 1 -4 4 )
8ULLETNDSE
(POINTS 2 5 -3 0 )
RDfDR I
(POINTS 3 1 -3 4 )
FIG . 3.2: Test Compressor Finite Elements
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A model o f the turbulence decay in the CRF flow conditioner barrel from the flow
conditioners to the bellmouth presented by Rabe (7) was used. In that model the
turbulence level decays from 8% to 1.5%. The turbulent velocity, u', was taken to be
constant downstream of the bellmouth since a study of the turbulence in a compressor
was beyond the scope of this work.
Typical flow conditions for the CRF and a two stage compressor, based on the
model used, are shown in the two following Figures. Figure 3.3 shows static temperature
and pressure superimposed against the axial lengths of the CRF and compressor, and
Figure 3.4 shows flow velocity, turbulent flow velocity, and the time the flow takes to
pass through the CRF and compressor.
Fig. 3.3: Typical CRF Flow Values
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D R O P A C C E L E R A T IO N  M O D EL
Laser velocimetry operates under the assumption that the seed particles exactly 
follow the flowfield's velocity and direction, even the turbulent velocity. In fact, laser
velocimetry is used to measure turbulent eddies in flow.
The CRF's seed particles, however, are inserted into the flow at essentially zero
velocity, so the acceleration o f the seed drops with respect to the flowfield was 
considered in this study. It was felt that rapid evaporation could take place immediately 
after the drop was seeded into the flowfield if the air was rapidly moving over the drop 
due to the difference in drop and flowfield velocities.
A subroutine (RELATIVEU) was written into the code to calculate the relative 
velocity between the drop and the flowfield at each finite cell resulting from the forces
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exerted on the drop by the flowfield. This relative velocity, Urel , was used in the 
Reynolds Number term in Eqn. 2.14, the evaporation constant X'ST.
The relative velocity calculation was based on Stokes' Law, which states that for
steady flow of a real fluid with a low Reynolds Number past a solid sphere, the drag force
on the sphere is
Fdrag “ 3 * P a ( u- - « d) ^ -  ■ (3.7)
Liquid drops in a gas are reported to remain spherical and follow the same drag
relationships as solid particles up to Re = 100 (8).





where: m = mass o f drop (kg)
aD = acceleration o f drop (m/s2) 
uD2 = final drop velocity (m/s)
uD, = initial drop velocity (m/s),
t = time (s)
and the approximations o f mass and time
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t - —  (s)  ,
u„
where X = cell length (m),
the velocity o f a drop that entered a finite cell at uD1 is
Up - Up * ------------ -------  (  ) ( —) •
1 ' p,d u - s
(3-11)
(3-12)
From this value uREL was calculated:
urel ■ u»  - ( y )  • (3.13)
A test program, ACC.FOR, was written to study the effects o f droplet acceleration
on drop evaporation. This program divided the first few finite cells in the flow
conditioning barrel into many steps (as many as 100,000 steps per cell) to gain a more 
accurate picture o f the initial drop acceleration and evaporation. Figure 3.5 shows the
acceleration data from this program for typical seed drops (diameter = 1 micron) and
"large" drops (diameter = 50 microns). Both curves were calculated with the same 
algorithm. However, the 1 micron drops accelerated so quickly (up to the flow velocity 
in .0002 m) that the acceleration does not appear in Fig. 3.5, even though the shape of the
curve is similar to the 50 micron curve.
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ACC.FOR used the flow and evaporation subroutines from DRYER.FOR to
accurately calculate evaporation. In both cases (1 and 50 micron diameter drops) little or
no evaporation took place during the acceleration from initial (zero) velocity to the
flowfield velocity.















FIG . 3.5: Initial Drop Acceleration
PR O PE R T Y  V A LU ES
A large number of property values were required by the algorithms used in the
code. Most were read in through the input files FLOW.DAT and SEED.DAT, while the
others were listed in the code in the flow section. While Lefebvre suggested evaluating
most property values as functions of temperature, the difficulty in finding even one value
of some of the glycerine properties, the primary seed material o f this study, led to the
decision to use a constant (with respect to room temperature) value for most properties.
A notable exception is the seed saturated vapor pressure. It was vital to the algorithm to
evaluate this parameter as a function of temperature.
The flow values listed in the main code in the flow section are: temperature and
pressure o f air at standard temperature and pressure, specific heat at constant pressure of
air and specific heat at constant volume of air, the ratio of specific heats for air (y),
dynamic viscosity of air, thermal conductivity of air, molecular weight of air, density of
air, and the perfect gas constant R. The values for these properties are listed below.
52
Table 3.1: Flow Values Listed in the Main Code
T stp = 288 (K)
PSTP = 101325 (Pa)
CpA = 1004.4 (J/kgK)
cv,A = 717.2 (J/kgK )
y = 1.4 (no units)
pA = .00001853 (kg /m s)
kA = .02614 (J /m sK )
M a = 28.97 (kg/kmole)
pA = 1.1766 (kg/m3)
R = 287 (J/kg K)
The flow (air) values read into the code from the data file FLOW.DAT were those
that could change with atmospheric conditions or the performance o f the CRF, test
compressor, or seeding system. Use of an input file allowed these to be changed quickly 
so a variety o f flow and seed conditions could be quickly tested. The properties in 
FLOW.DAT are: corrected mass flow rate o f air through the CRF, total temperature and
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pressure o f air drawn into the CRF, initial seed liquid temperature, initial seed droplet 
diameter, the mass concentration of the seed vapor in the free stream prior to seeding (the 
"humidity" o f the seed liquid in the ambient atmosphere, usually zero for an artificial
seed like glycerine), and the initial velocity o f the seed droplets. A typical set o f values
for FLOW.DAT follows.
T able 3.2: Typical Flow Values
< c= 71.7 (kg/s)
T tot = 288.0 (K)
PT0T = 101325 (Pa)
To, initial = 288.0 (K)
^ initial ~  1 .0 x 1 0 6 (m)
Cv w =  0.0 (no units)
U D, INITIAL = 0-0 (m/s)
The flow and air values in the code and in FLOW.DAT are widely available in 
text and reference books; the mass flow rate for the CRF depends on the test compressor. 
Initial drop temperature, size, velocity, and free stream seed mass concentration values 
were determined from discussions with CRF personnel.
The seed property values are listed in SEED.DAT. These include the diffusion 
coefficient o f the seed vapor in air, density of the seed material as a liquid and as a vapor,
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thermal conductivity of the seed as a liquid and as a vapor, dynamic viscosity o f the seed 
vapor, specific heat at constant pressure o f the seed as a liquid and as a vapor, boiling
temperature o f the seed liquid, critical temperature o f the seed liquid, latent heat of
vaporization at boiling temperature of the seed liquid, molecular weight of the seed 
liquid, and the information used in the code to calculate the saturated vapor pressure of 
the seed liquid as a function o f temperature. The saturated vapor pressure was modeled
as a second order exponential equation. A temperature value below which the saturated
vapor pressure is always zero, T low , was also provided as a safety net for the saturated
vapor pressure algorithm.
Some of the property values for glycerine were easily obtained from general
reference books and literature (8,9). Others were very difficult to find, and after a
literature search failed to produce those property values they were calculated or in three
cases estimated.
Glycerine property values found listed in the literature, notably "Physical 
Properties of Glycerine and its Solutions" (10), include liquid density, liquid thermal 
conductivity, liquid specific heat at constant pressure, boiling temperature, latent heat of 
vaporization at boiling temperature, and molecular weight. Vapor thermal conductivity
and specific heat at constant pressure were estimated from calculations Lefebvre (3) used
to estimate these properties for hydrocarbon fuels:
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cpv - (363 ♦ .467 T) (5 - .001 pL) ( ^ 2 _ )  (3.14)
where: pL = liquid density at 288 K (kg/m3)
T = temperature (K)
and
= 103 [13.2 - .0313 (T b - 273) ] ( - ^ - ) °  ( - ^ — ) (3.15)
273 m s K.
where: n = 2 - .0372 ( — )
Tb
T = temperature (K)
T b = boiling temperature (K).
Vapor density and vapor dynamic viscosity were estimated by comparing the
values of liquid density and liquid viscosity of glycerine and diesel fuel. The quotient of 
the liquid glycerine and diesel properties was used as a correction factor to estimate the 
glycerine vapor property from the diesel vapor property. The critical temperature was 
similarly estimated by comparing the boiling temperatures o f glycerine and diesel fuel.
The diffusion coefficient o f glycerine vapor into air was calculated using the 
Fuller, Schettler, Giddings Method described in Perry's Chemical Engineer's Handbook
(8). This method states that
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10’ T 1” [ ( M> * ] '
------------------- » .
I  i  2 s
p [ (S v ) ;  ♦ (S v ) ’ ]
where: T = temperature (K)
P = pressure (atm.)
M a , M b = molecular weights of gasses A and B (kg / kmole)
Sv = summation of "atomic diffusion volumes" .
The following lists the atomic diffusion volumes used in this study.






The summed atomic diffusion volume for glycerine ( C3H8O3 ) is 92.11 .
This method o f calculating Dc is reported to be generally within 5% to 10% 
accurate for binary gas mixtures in medium to high temperatures at up to 10 atm.
pressure, such as were found in this study. The calculated value for the diffusion 
coefficient o f glycerine vapor to air was 8.87 x 1 O'6 m2/s. The calculated value for water
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vapor to air was 2.666 x 10'5 m2/s; this value has a 21% error compared to the listed 
(Perry's Handbook) value of 2.20 x 10'5 m2/s. When the glycerine value was calculated 
using a similar method, the Wilke Lee Method from the Handbook o f Chemical Property 
Estimation Methods (11), the calculated value for the diffusion coefficient was 8.83 x 1 O'6 
m2/s, which was in general agreement with the value obtained using the Fuller, Schettler,
Giddings Method.
The saturated vapor pressure of the seed liquid was solved as a function of
temperature by curve fitting data points. An equation of the type
Pw  - C, e (C‘ T° ,c ’ Ti> (mmHg) (3.17)
was found to fit the plotted data points available for saturated vapor pressure. This 
equation was solved simultaneously for three strategically chosen values to get the 
constants C , , C2, and C3 for the three seed materials used in this study (glycerine, water, 
and ethyl alcohol). This equation yields Ps o in mm Hg. This data was then converted to
units o f Pa.
The property values o f GLYCERINE.DAT are listed below.
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T able 3.3: Glycerine Property Values
Dc = 8 .8 7 x l0 '6 (m2/s) 
pL = 1261.4 (k g /m 3) 
pv = 12.0 (k g /m 3)
kL = .2834 ( J /m s K )
kv = .008784 ( J /m s K )
pv = .001774 (k g /m s )
Ps0 (mm Hg): C, = 1.0087 x IO'20
C2 = 0.17015
C3 =-0.00013703
T low = 250 (K)
Cp_L = 2595.8 (J /kg K) 
CpV = 2055.0 ( J /k g K )
T b = 563.0 (K)
TCR = 725 (K)
L b = 82511.0 (J /k g )
M l = 92.09 (kg/km ole)
A FORTRAN program, PSV.FOR, was written as a test program for the
calculation o f saturated vapor pressure as a function of temperature using the above curve 
fit. For a given air temperature, this program calculated the seed drop equilibrium
temperature, its saturated vapor pressure, and the transfer number B where B = BM = BT . 
This program was run for each of the three seed liquids used in this study (glycerine, 
water, ethyl alcohol) at a number o f air temperatures. The data from this program gave 
insight into the relationship between air temperature and wet-bulb drop temperature.
A drop temperature lower than the ambient air temperature indicates evaporation 
is taking place as the drop has reached its wet-bulb temperature. Glycerine did not begin
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to evaporate until the air temperature reached 350 K, while water would evaporate at 300  
K, the low est temperature for which the program was run. In addition, for any given  
temperature, especially lower ones, water had a much higher saturated vapor pressure 
than glycerine. This resulted in a higher value o f  B and a greater evaporation rate for 
water. This data shows that, for a given temperature, water w ill evaporate more readily 
and more quickly than glycerine. The following table lists some o f  the data from this
program.
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T able 3.4: Saturated Vapor Pressure of Glycerine and Water
(T air and Ts o in K ; Ps 0 in P a ; B is dimensionless)
T air
Glycerine (TB = 563 K) Water (TB = 373.15
Ts.o P s,o B Ts,o Ps,o B
300 300 — 284 1301 .0079
325 325 295 2447 .0149
350 350 303 3811 .0232
375 375 27 .0010 309 5265 .0324
400 398 125 .0032 314 6850 .042
425 417 390 .0124 318 9000 .052
450 432 881 .0275 322 10300 .063
475 443 1531 .0485 325 12000 .074
500 452 2349 .0740 328 13900 .085
525 459 3225 .1020 330 16500 .097
550 465 4200 .1325 333 17700 .108
575 470 5200 .1650 335 20000 .120
600 475 6500 .1990 337 21500 .132
625 479 7500 .2350
650 483 8600 .2720
675 486 9800 .3090
700 489 11000 .3470
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C H A PT E R  IV
R ESU L TS
The FORTRAN program written to model flow and drop evaporation in the CRF,
DRYER.FOR, sends its data to an output file named EVAPDATA.OUT. This file is an
ASCII file and can be printed as a text file or incorporated into a word processor
document. There were eighteen test cases using glycerine as the seed liquid. These runs
tested different air temperatures, initial drop temperatures, and initial drop sizes for
different FLOW.DAT input files. For comparison with glycerine, eleven runs were made
using water as the seed liquid, and nine runs used ethyl alcohol as the seed liquid, for a
total of thirty-eight sets o f data. A sample of EVAPDATA.OUT and the FLOW.DAT
and SEED.DAT files used are in Appendices B and C.
For each finite element cell in the CRF and compressor EVAPDATA.OUT lists
the following information from the DRYER model: point number, location, distance
from the drop seeding location (the flow conditioners), the CRF or compressor cross
sectional area, flowfield static temperature, flowfield total temperature, flowfield static
pressure, flowfield total pressure, flowfield Mach number, flowfield axial velocity, drop 
axial velocity, drop temperature, drop diameter, the time the drop took to traverse the
length of the cell, and the total time the drop has been in the flow.
Figure 4.1 compares the evaporation of the different drop liquids used in this
study for a typical CRF environment. The drop diameter D is normalized by its initial 
diameter Do for easy comparison of drops with different initial diameters. Axial distance
is shown in the x axis, with reference lines showing the part o f the CRF or compressor
represented.
It was found that glycerine could evaporate in the CRF environment. The model
showed that a 1 micron glycerine drop should begin to evaporate when the temperature
o f the surrounding air reaches 350 K, which for the compressor used in this study was in
the first stage for standard atmosphere input conditions. At this point the glycerine drop
began to evaporate and rapidly decrease in diameter, and completely evaporated before it
passed out o f the compressor.
Water and ethyl alcohol evaporated much faster. The 1 micron drops for these
liquids evaporated within the first two finite element cells o f injection, when TAtR =300
K. Larger drops (20 micron diameter) likewise showed immediate evaporation when the 
drop was injected into the flowfield, with the expected faster evaporation for the alcohol 




Fig. 4.1: Evaporation o f Different Drop Liquids
Figure 4.2 shows the modeled evaporation of glycerine seed drops in standard
atmospheric conditions, while Figure 4.3 shows the air temperature, drop temperature,
and time elapsed. The flow passes through the compressor in approximately .003
seconds, and the evaporation rate in this area was high enough to completely evaporate 
the drop in the short time that the drop was exposed to these conditions. This is shown
on the graph by the drop diameter dropping to zero.
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IMTIAL T^.JMK. IMTIAL To v >2nK
AXIAL DISTANCE (M)
Fig. 4.2: Evaporation o f Glycerine Drops
IMTIAL T ^ ,« 2B8 K. INfTTAL -  2B8 K
AXIAL DISTANCE (M)
Fig. 4.3: Evaporation o f Glycerine Drops
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Figures 4.4 and 4.5 show the data for the modeled evaporation of water drops in
standard atmospheric conditions. The 1 micron drop evaporated very rapidly while the
50 micron drop did not completely evaporate. The drop temperature, shown in Fig. 4.5, 
did not reach the air temperature because the drops first reached their wet-bulb
temperature for these conditions.
Fig. 4.4: Evaporation o f Water Drops
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Fig. 4.5: Evaporation o f Water Drops
Figures 4.6 and 4.7 show the modeled evaporation for ethyl alcohol drops. These
drops evaporated faster then water, and the 50 micron drop completely evaporated in the
flow conditioning barrel. The evaporation of the 1 micron drop was virtually
instantaneous and was reported as quickly as the computer code could react to the input
conditions (within two finite element cells).
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COMPRESSOR
AXIAL DISTANCE (M)
Fig. 4.6: Evaporation o f Ethyl Alcohol Drops
Fig. 4.7: Evaporation o f Ethyl Alcohol Drops
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final drop diameter. Since the mass evaporation rate is proportional to d 
Jr
( mv0 = 2 it d —— ln( 1*B) ), and volume (and mass) is proportional to d3 , a smaller drop
CP,M
will reach a certain percent of its initial diameter faster than a larger drop. In this study
the 10 micron drop exited the compressor at 9.82 microns, while the 1 and .5 micron
drops evaporated completely. The 10 micron drop also experienced velocity and
temperature lag that the smaller drops did not. It did not follow the flow conditions 
nearly as well as the 1 micron drop, taking a longer time to heat up. Only drops around 1
micron in diameter or less followed the flow accurately, as was concluded by Eckhardt
(1).
Figure 4.8 shows the effect that increasing the initial drop diameter has on the
GLYCERINE. INITIAL T ^ , .  288 K. INITIAL T „  -  2 U  K
Z.O COMPRESSOR
FLOW CONDITIONING BARREL INLET OUCT
2.0
CHA . 1 0  MICRONS 
DIA > 1 MICRON 

















Fig. 4.8: Evaporation of Different Drop Sizes
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evaporation. When the inlet temperature is set at 288 or 300 K the model predicts little or
no evaporation for glycerine until the drop reaches the compressor, with its rapid
temperature increases. When the inlet temperature is 350 or 400 K, however, the
glycerine drops should evaporate quickly because at these temperatures the wet-bulb
temperature o f glycerine will be less than that o f the flowfield, and the mass transfer
number B will not be close to 0, as it is for lower temperatures.













Fig. 4.9: Effect of Inlet Air Temperature on Evaporation
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flowfield temperature if  they are injected into the flow at a lower temperature than the 
T
ambient. The data is normalized ( ), to compare different temperatures and drop
Tair
sizes. The graph shows that both small (1 micron) and large (50 micron) drops rapidly
reach the flowfield temperature. The distance graphed on the x axis is to a much smaller
scale than the other graphs in this chapter, and the steps in the computer code can be
easily seen for the 50 micron drops. Both sizes heated up to the flowfield temperature or
to their wet-bulb temperatures within .02 meters o f being injected into the flowfield.
Figure 4.10 shows the modeled rate at which different sized drops heat up to the
Fig. 4.10: Drop Heatup
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C H A PT E R  V
C O N C LU SIO N S
The output from DRYER.FOR agrees with prior expectations, and the parts o f the
model's output that can be compared with data from the CRF show good agreement
between the predicted and actual outcome.
The model predicted that glycerine drops with 1 micron diameters would pass
through the first stage of the compressor that was modeled and evaporate in the second
stage. The laser system has been used to measure velocity through the first stage rotor,
and could only have done so if there were seeds present to reflect the laser beam, so the
seeds do actually survive the environment in the first rotor as predicted. The model
predicted that at these points the air temperature had only just reached the theoretical
threshold of 350 K where glycerine evaporation occurs at a rate fast enough to be a factor
in CRF laser velocimetry.
The model predicted that the glycerine seeds will completely evaporate in the 
second stage o f the modeled compressor. This can not be confirmed since an
experimental program to show this has not been carried out.
The model supported some of the initial expectations for glycerine evaporation 
detailed in Chapter 1. The expected rapid acceleration and heatup o f the injected drop up 
to the flow speed and temperature were shown in the model, but rapid evaporation during
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drop acceleration did not occur.
The drop followed the flowfield through the flow conditioning barrel as expected, 
and did not evaporate quickly due to the relatively low temperatures. As expected, the 
bellmouth and inlet duct did not produce rapid evaporation.
Evaporation in the compressor was difficult to predict, and the complete 
evaporation o f the glycerine drop in the second stage was somewhat unexpected. 
Comparison o f the model's prediction with future data from the CRF will be important in
assessing the accuracy of the DRYER.FOR model.
Water and alcohol were modeled because they can be used as carriers for solid
particles. In these cases it is desired that the liquid evaporate, and this occurred with
alcohol and to a limited extent for water. The alcohol evaporation agreed with prior 
expectations.
Water and alcohol also served as test cases to determine if  the evaporation model 
would predict evaporation for a liquid, alcohol, that was known from prior experience to 
evaporate in the CRF. Water was not expected to evaporate as quickly as alcohol. In this 
regard the predicted evaporation o f the alcohol drops also showed good agreement with
data from the CRF.
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C H A PT E R  VI
R E C O M M E N D A TIO N S
The recommendations in this chapter concern the use o f glycerine as a seed
material, factors associated with choosing a liquid seed material, and additional work that
may be done to inprove this study.
G L Y C E R IN E  SEEDS
The model predicts that a 1 micron diameter glycerine drop is an effective seed
material (i.e. it will not evaporate and will follow the flow) for the conditions found in the
CRF and the first stage of a typical test compressor. It also predicts that the glycerine
drops used will evaporate in the second stage of the compressor tested. Therefore, a seed
that is even more resistant to evaporation may need to be found for measurements in
areas downstream of the first stage.
C H O O SIN G  A SE ED  LIQ U ID
This study did not focus mainly on what material properties should be minimized 
or maximized to prevent evaporation but rather on modeling evaporation. A comparison, 
however, of the material properties and evaporation rates of the three different seed 
materials and study o f the evaporation equations leads to some general suggestions on
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selecting a seed liquid. To minimize the mass evaporation rate
m = 2nd  ln(l+B) ( ^ )  , the quotient — should be minimized. Also, the 
CPJ4 s cpM
transfer number B in the term ln(l+B) should be minimized. To attain this, Ps o should 
c
be small, which leads to a small Cv,0 , and therefore a small BM. A small , large LB ,
and large TB would lead to a small BT.
A D D IT IO N A L  W O R K
The most important addition that can be made to this work is to compare its
predictions with data from the CRF laser velocimetry system. A comparison of where a
seed is predicted to evaporate and where it actually does would be very beneficial and
would help to determine the amount o f error in the model.
Three improvements are suggested for the computer code. The first is to use a
more general boundary condition to determine BM . In subroutines EQUILIBTEMP,
HEATUP, EVAP, and SUPERHEAT, the value for BM was calculated with BM = Cvo 
1 "Cv,o
This equation assumes that the concentration o f the seed vapor already in the flowfield
(the "humidity" of the seed liquid) is 0. For artificial seeds like glycerine this is a
reasonable assumption. A more general form of this equation, which would account for 
C - C
any "humidity" of the seed, is BM = —— ----- — . When Cv „  = 0 this equation reduces
Cv,o '  1
to the one used in the code.
A second improvement to the code would be to use a smaller finite element mesh. 
There was some drop temperature and velocity lag that is attributed to the code and not 
to actual drop behavior. Although it is believed that this lag had only a small effect on
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the model's predictions, a smaller mesh would reduce this source of error.
The third suggested improvement in the computer code would be to improve the
calculation o f property values. Vapor thermal conductivity and specific heat at constant
pressure were calculated using equations based on hydrocarbon fuels. Actual
experimental measurements or equations for organic liquids such as glycerine would
probably be more accurate.
Vapor density, vapor dynamic viscosity, and critical temperature were estimated
by comparing other glycerine properties with diesel fuel properties. Some experimental
values or calculated values would again be more accurate.
Finally, Lefebvre suggested that all seed (and flowfield) properties be evaluated as
functions o f temperature. The computer model does this only for saturated vapor
pressure, and evaluating all properties in a similar manner would be an improvement over
the current method.
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A PPEN D IX  A
D R Y E R .FO R  C O M PU T E R  CO DE
The following pages contain a listing o f the computer code used in this study to 
calculate the evaporation of liquid drops in the CRF and test compressor. The code is 
written in FORTRAN and was run on a VAX computer. The first part o f the code is 
documentation describing the programmer and purpose o f the code, the inputs required, 
the theory and assumptions used in the model, the variables and their units, and some 
possible error messages. The code also contains documentation explaining the purpose 
o f loops and what steps are being calculated at a given point. The subroutines each start 
with an explanation of the subroutine and the theory it is based on, and also contain an 

































PROGRAMMER: GARY OSTDIEK, UNIVERSITY OF DAYTON, MAY 1994
PURPOSE: CALCULATE THE RATE OF EVAPORATION AND RESULTING DIAMETER 
OF SEEDED LIQUID DROPLETS IN THE CRF LASER VELOCIMETRY SYSTEM.
THE THEORY OF DROPLET EVAPORATION USED WAS DEVELOPED FROM:
LEFEBVRE, A. H. 'ATOMIZATION AND SPRAYS',
HEMISPHERE PUBLISHING CO.,1989.











































































CONTENTS OF THE THREE INPUT FILES:
FLOW.DAT:
LINE 1: 'FLOWNAME', AN UP TO 20 CHARACTER DESCRIPTION OF THE FILE 
LINE 2: CORRECTED MASS FLOW RATE OF AIR THROUGH CRF (KG/S)
LINE 3: TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: INITIAL SEED DROPLET DIAMETER (M)
LINE 7: SEED VAPOR MASS CONCENTRATION IN THE FREE STREAM PRIOR TO 
SEEDING (NO UNITS)
LINE 8: INITIAL VELOCITY OF SEED DROPLET (M/S)
COMPRESSOR.DAT:
LINE 1: 'COMPNAME', AN UP TO 20 CHARACTER DESCRIPTION OF THE FILE 
LINE 2: NUMBER OF STAGES IN COMPRESSOR (INTEGER)
LINE 3: CROSS SECTIONAL AREA OF FLOW CONDITIONING BARREL (M* *2)
LINE 4: AXIAL DIST. FROM FLOW CONDITIONERS TO BELLMOUTH ENTRANCE (M) 
LINE 5: CROSS SECTIONAL AREA OF BELLMOUTH ENTRANCE (M**2)
LINE 6: AXIAL DISTANCE FROM BELLMOUTH ENTRANCE TO BELLMOUTH EXIT OR
START OF INLET TUBE (M)
LINE 7: CROSS SECTIONAL AREA OF INLET TUBE (M**2)
LINE 8: AXIAL LENGTH OF INLET TUBE (M)
LINE 9: CROSS SECTIONAL AREA OF COMPRESSOR INLET (M*‘2)
LINE 10: AXIAL DIST. FROM COMPRESSOR INLET TO START OF FIRST ROTOR (M) 
LINE 11: CROSS SECTIONAL AREA OF COMPRESSOR EXIT (M**2)
LINE 12: AXIAL DISTANCE FROM END OF LAST STATOR TO COMPRESSOR EXIT (M)
LINES 13 THROUGH END: THE FOLLOWING 12 LINES SHOULD BE REPEATED FOR 
EACH STAGE OF THE COMPRESSOR.
TOTAL TEMPERATURE RATIO OF ROTOR EXIT TO COMPRESSOR INLET (NO UNITS) 
TOTAL PRESSURE RATIO OF ROTOR EXIT TO COMPRESSOR INLET (NO UNITS) 
AVERAGE CROSS SECTIONAL AREA OF ROTOR LEAD EDGE (M**2)
AVERAGE CROSS SECTIONAL AREA OF ROTOR TRAIL EDGE (M‘ *2)
AVERAGE AXIAL DISTANCE FROM ROTOR LEAD EDGE TO TRAIL EDGE (M) 
AVERAGE AXIAL DIST. FROM ROTOR TRAIL EDGE TO STATOR LEAD EDGE (M) 
TOTAL TEMPERATURE RATIO OF STATOR EXIT TO COMPRESSOR INLET (NO UNITS) 
TOTAL PRESSURE RATIO OF STATOR EXIT TO COMPRESSOR INLET (NO UNITS) 
AVERAGE CROSS SECTIONAL AREA OF STATOR LEAD EDGE (M**2)
AVERAGE CROSS SECTIONAL AREA OF STATOR TRAIL EDGE (M**2)
AVERAGE AXIAL DISTANCE FROM STATOR LEAD EDGE TO TRAIL EDGE (M) 
AVERAGE AXIAL DISTANCE FROM STATOR TRAIL EDGE TO LEAD EDGE OF NEXT
ROTOR (M). FOR THE LAST STAGE, THIS IS THE DISTANCE FROM THE 
LAST STATOR EXIT TO THE COMPRESSOR EXIT.
SEED.DAT:
LINE 1. 'SEEDNAME', AN UP TO 20 CHARACTER DESCRIPTION OF THE FILE 
LINE 2: DIFFUSION COEFFICIENT OF SEED VAPOR TO AIR (M**2/S)
LINE 3: DENSITY OF SEED LIQUID (KG/M**3)
LINE 4: DENSITY OF SEED VAPOR (KG/M**3)
LINE 5: THERMAL CONDUCTIVITY OF SEED LIQUID (J/M S K)
LINE 6: THERMAL CONDUCTIVITY OF SEED VAPOR (J/M S K)
LINE 7: DYNAMIC VISCOSITY OF SEED VAPOR (KG/M S)


































































LINE 9: SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED VAPOR (JZKG K)
LINE 10: BOILING TEMPERATURE OF SEED LIQUID (K)
LINE 11: CRITICAL TEMPERATURE OF SEED LIQUID (K)
LINE 12: LATENT HEAT OF VAPORIZATION AT BOILING TEMPERATURE OF
SEED LIQUID (J/KG)




LINES 14, 15, 16:
THE COEFFICIENTS TO THE TERMS OF A SECOND ORDER EQUATION FOR 
THE SATURATED VAPOR PRESSURE OF THE SEED LIQUID (PSV) AS A 
FUNCTION OF TEMPERATURE (T), IN MM HG AND DEGREES K, WHERE:
PSV = Cl * EXP( C2*(T**1) + C3*(T**2))
LINE 17: TLOW - TEMPERATURE (K) BELOW WHICH SATURATED VAPOR PRESSURE 
IS ALWAYS 0 (PA). THIS IS A SAFETY NET FOR THE CURVE FIT USED.
ASSUMPTIONS MADE IN THE EVAPORATION AND FLOW THEORIES:
STEADY, ISENTROPIC FLOW FROM THE END OF THE CRF FLOW CONDITIONERS UP 
TO THE TEST COMPRESSOR
PERFECT GAS FLOW




THE COMPRESSOR IS MODELED WITH GIVEN PRESSURE AND TEMPERATURE
RATIOS FOR THE STATORS AND ROTORS AND AVERAGE VALUES FOR THE 
AXIAL DISTANCES AND CROSS SECTIONAL AREAS. TEMPERATURE, 
PRESSURE, AND VELOCITY ARE ASSUMED TO VARY LINEARLY FROM THE 
START TO THE END OF A ROTOR OR STATOR, WHILE PRESSURE AND 
TEMPERATURE ARE ASSUMED CONSTANT BETWEEN A ROTOR AND 
STATOR. ISENTROPIC CONDITIONS ARE ASSUMED TO BE PRESENT AT THE 
START AND END OF EACH STAGE BUT ARE NOT ASSUMED DURING THE 
STAGE. CENTRIFUGAL AND GRAVITATIONAL BODY FORCES ARE 
NEGLECTED, AS IS ANY PARTICLE LAG FROM SHOCK WAVES. THIS IS A 
BASIC MODEL FOR THE TEMPERATURE AND PRESSURE CONDITIONS 
EXPERIENCED BY THE SEED DROPLETS IN THE COMPRESSOR, AND WHILE 
IT IS AN UNSOPHISTICATED MODEL FROM A FLOW PERSPECTIVE, IT IS A 
SUFFICIENT MODEL FOR THE HEAT AND MASS TRANSFER THEORY USED IN 
THIS PROGRAM.
THE SEED DROPLETS ARE MODELED AS SPHERES OF A PURE LIQUID WITH A WELL 
DEFINED BOILING POINT AND NO INTERNAL TEMPERATURE GRADIENTS. 
THEY ARE ASSUMED TO FOLLOW THE FLUCTUATIONS IN THE 
VELOCITY THAT MAKE UP TURBULENCE, BUT VELOCITY CHANGE 
FROM FLOWFIELD ACCELERATION IS NOT ARBITRARILY ASSUMED TO BE 
NEGLIGIBLE.
THE FLOWFIELD AIR IS ASSUMED TO BE INSOLUABLE IN THE SEED LIQUID 
THE LEWIS NUMBER IN THE FLOW IS AN ORDER OF MAGNITUDE OF 1 
RADIATION HEAT TRANSFER TO THE DROPS IS NEGLECTED 
FLOW NORMAL TO THE CRF OR TEST COMPRESSOR IS ALWAYS SUBSONIC



































































A CROSS SECTIONAL AREA OF CRF OR COMPRESSOR AT LOCATN(I) (M**2)
AC (INPUT FILE) CRF OR COMPRESSOR CROSS SECTIONAL AREA (M* *2)
ARL AVG. CROSS SECTION AREA OF ROTOR(I) LEAD EDGE (M* *2)
ART AVG. CROSS SECTION AREA OF ROTOR(I) TRAIL EDGE (M* *2)
ASL AVG. CROSS SECTION AREA OF STATOR0) LEAD EDGE (M**2)
AST AVG. CROSS SECTION AREA OF STATOR(I) TRAIL EDGE (M**2)
B1 INTERNAL VARAIBLE USED IN ELLIPSE MODEL OF BELLMOUTH
B2 INTERNAL VARIABLE USED IN ELLIPSE MODEL OF BELLMOUTH 
B TRANSFER NUMBER (NO UNITS), OCCURS WHEN BM(I) = BT(I)
BM MASS TRANSFER NUMBER (NO UNITS)
BT THERMAL TRANSFER NUMBER (NO UNITS)
C1 COEFFICIENTS TO 2ND ORDER CURVE FIT OF SATURATED
C2 VAPOR PRESSURE (MM HG) AS A FUNCTION OF T (K),
C3 WHERE PSV = Cl * EXP( C2*(T**1) + C3*(T‘ *2)).
COMPNAME AN UP TO 40 CHARACTER USER-INPUT NAME FOR TEST
COMPRESSOR INPUT FILE COMPRESSOR.DAT 
CVF MASS CONCENTRATION (FRACTION) OF SEED VAPOR, FREE STREAM
(NO UNITS)
CVS MASS CONC. OF SEED VAPOR AT DROP SURFACE (NO UNITS)
CVR MASS CONCENTRATION OF SEED VAPOR, REFERENCE (NO UNITS)
CAR MASS CONCENTRATION OF AIR, REFERENCE (NO UNITS)
CPA SPECIFIC HEAT @ CONST. PRESSURE OF AIR (J/KG K)
CPL SPECIFIC HEAT @ CONST. PRESSURE OF SEED LIQUID (J/KG K)
CPV SPECIFIC HEAT @ CONST. PRESSURE OF SEED VAPOR (J/KG K)
CPM SPECIFIC HEAT @ CONST. PRESSURE OF SEED VAPOR/AIR MIX (J/KG K)
CVA SPECIFIC HEAT @ CONST. VOLUME OF AIR (J/KG K)
D DROP DIAMETER (M)
DO INITIAL DROP DIAMETER (MICRONS)
DC DIFFUSION COEFFICIENT OR DIFFUSIVITY (M* *2/S)
FLOWNAME AN UP TO 40 CHARACTER USER-INPUT DESCRIPTION OF THE INPUT
FILE FLOW.DAT
FT TIME FOR FLOW TO PASS THROUGH CELL (I) (MS)
FTT TOTAL TIME ELAPSED WHEN FLOW PASSES THRU CELL (I) (S)
GAM GAMMA, CP/CV (NO UNITS)
GC GRAVITATIONAL CONSTANT (FOR SI UNITS, GC = 1 (KG M / N S**2))
I COUNTING INTEGER, USED TO DENOTE A SPECIFIC DATA POINT IN THE
CRF OR COMPRESSOR
IEND COUNTING INTEGER, USED AS FLAG IF DROP DIA BECOMES < 0
J,K COUNTING INTEGERS USED IN LOOPS
KA THERMAL CONDUCTIVITY OF AIR (J/M S K)
KL THERMAL CONDUCTIVITY OF SEED LIQUID (J/M S K)
KM THERMAL COND. OF SEED VAPOR/AIR MIXTURE (J/M S K)
KV THERMAL CONDUCTIVITY OF SEED VAPOR (J/M S K)
LOCATN 3 CHARACTER DESCRIPTION OF A POINT'S LOCATION
LTS HEAT OF VAPORIZATION OF DROP LIQUID AT TS (J/KG)
LTB HEAT OF VAPORIZATION OF DROP LIQUID AT TB (J/KG)
LMST EVAPORATION CONSTANT FOR STEADY STATE PERIOD (M* *2/S)
LMPST EVAPORATION CONSTANT FOR STEADY STATE PERIOD WITH TURBULENT
CONVECTION CORRECTION (M**2/S)
M MASS OF DROP (KG)
MN MACH NUMBER (NO UNITS)
MER MASS EVAPORATION RATE OF DROP (KG/S)
MFR MASS FLOW RATE OF FLOWFIELD (KG/S)
MFRC CORRECTED MASS FLOW RATE OF FLOWFIELD (KG/S)
MFRCE CORRECTED MASS FLOW RATE IN ENGLISH UNITS (LBM/S)
MUA MU, DYNAMIC VISCOSITY OF AIR (KG/M S)
MUM DYNAMIC VISCOSITY OF AIR/SEED VAPOR MIXTURE (KG/M S)
MUV DYNAMIC VISCOSITY OF SEED VAPOR (KG/M S)
MWA MOLECULAR WEIGHT OF AIR (KG/KMOLE)
MWL MOLECULAR WEIGHT OF SEED MATERIAL (KG/MOLE)
N COUNTING INTEGER, TOTAL NUMBER OF DATA POINTS ALONG CRF AND
COMPRESSOR
NST NUMBER OF STAGES IN THE TEST COMPRESSOR (INTEGER)




































































PAF STATIC PRESSURE OF AIR (PA)
PTAF TOTAL PRESSURE OF AIR (PA)
PSTP STANDARD PRESSURE OF AIR (PA) (= 101325 PA)
PSV SATURATED VAPOR PRESSURE OF SEED LIQUID (PA)
PS PRESSURE AT DROP SURFACE (PA) (=  PAF(I) + PSV(I))
PRM PRANDTL NUMBER OF AIR/SEED VAPOR MIXTURE (NO UNITS)
PRR TOTAL PRESSURE RATIO OF ROTOR EXIT TO COMPRESSOR INLET
(NO UNITS)
PRS TOTAL PRESSURE RATIO OF STATOR EXIT TO COMPRESSOR INLET 
(NO UNITS)
R PERFECT GAS CONSTANT (J/KG K) (AIR, R = 287 J/KG K)
RE REYNOLDS NUMBER BASED ON DIAMETER (NO UNITS)
RHOA STATIC DENSITY OF AIR (KG/M**3)
RHOL DENSITY OF SEED LIQUID (KG/M**3)
RHOV DENSITY OF SEED VAPOR (KG/M* *3)
SEEDNAME AN UP TO 40 CHARACTER USER-INPUT NAME OF THE SEED
MATERIAL INPUT FILE SEED.DAT
SS SPEED OF SOUND (M/S)
TAF STATIC TEMPERATURE OF AIR, FREE STREAM (K)
TTAF TOTAL TEMPERATURE OF AIR, FREE STREAM (K)
TSTP STANDARD TEMPERATURE OF AIR (K) (=  288 K)
TB BOILING TEMPERATURE OF SEED LIQUID (K)
TMS STATIC TEMPERATURE OF AIR/SEED VAPOR MIX, DROP SURFACE (K) 
TMSE EQUILIBRIUM TEMPERATURE OF DROP IN A GIVEN AIR TEMP.
TCR CRITICAL TEMPERATURE OF SEED LIQUID (K)
TLOW TEMPERATURE (K) BELOW WHICH SATURATED VAPOR PRESSURE IS
ALWAYS 0 (PA). THIS IS A SAFETY NET FOR THE CURVE FIT ALGORITHM.
TO INITIAL DROP TEMP. OUTPUT (K)
TI TIME, A WORKING VARIABLE (S)
TTI TOTAL ELAPSED TIME THAT DROP HAS BEEN IN FLOWFIELD (S)
TRR TOTAL TEMPERATURE RATIO OF EXIT OF ROTOR TO COMPRESSOR
INLET (NO UNITS)
TRS TOTAL TEMPERATURE RATIO OF EXIT OF STATOR TO COMPRESSOR
INLET (NO UNITS)
TURB TURBULENCE, UPAF/UAF, IN FLOWFIELD (NO UNITS)
UAF VELOCITY OF AIR IN FREESTREAM (M/S)
UPAF U PRIME, FLUCTUATING VELOCITY COMPONENT OF FREESTREAM 
AIR DUE TO TURBELENCE (M/S)
UD SEED VELOCITY (M/S)
UR RELATIVE VELOCITY OF FREESTREAM AND DROP (M/S)
X AXIAL DISTANCE FROM POINT (I) TO (1+1) (M)
XC (INPUT FILE) VALUE OF CRF OR COMPRESSOR DISTANCE
MEASUREMENT (M)
XTOT AXIAL DISTANCE FROM THE FLOW COND. TO POINT (I) (M)
XR AVERAGE AXIAL DISTANCE FROM LEAD TO TRAIL EDGE OF ROTOR (M) 
XRS AVERAGE AXIAL DISTANCE FROM TRAIL EDGE OF ROTOR TO
LEAD EDGE OF NEXT DOWNSTREAM STATOR (M)
XS AVERAGE AXIAL DISTANCE FROM LEAD EDGE TO TRAIL
EDGE OF STATOR (M)
XSR AVERAGE AXIAL DISTANCE FROM TRAIL EDGE OF STATOR TO 
LEAD EDGE OF NEXT DOWNSTREAM ROTOR (M)
SUBROUTINE ERROR FLAGS (PRINTED ON FIRST PAGE OF OUTPUT)
SUBROUTINE TEMPRATIO:




















FLAG1: INITIAL DROP VEL. < FREESTREAM VEL., BUT 
FINAL DROP VEL. < INITIAL DROP VEL.
FLAG2: INITIAL DROP VEL. > FREESTREAM VEL., BUT 
FINAL DROP VEL. > INITIAL DROP VEL.
SUBROUTINE EQUILIBTEMP:
FLAG1: > 10000 STEPS; SETS TMSE = TAF AND RETURNS
FLAG2: TMSE > TB; SETS TMSE = TB AND RETURNS; COULD BE DUE TO
HIGH FLOW TEMPERATURES



























INPUT DATA FOR FLOW CONDITIONS, SEED MATERIAL, AND COMPRESSOR 
USING INPUT FILES FLOW.DAT, SEED.DAT, AND COMPRESSOR.DAT
*t**««»tt**»*t*»*****tt*t«»»**t***t*****«tt*******t********t*******tt***t***t
OPEN (4,FILE = 'FLOW.DAT, STATUS = 'OLD')
READ (4,*),FLOWN AME,MFRC,TTAF( 1 ),PTAF(1 ),TMS( 1)
READ (4,*),D(1),CVF(1),UD(1)
CLOSE (4)




















DIVISION OF CRF & COMPRESSOR INTO DISTANCES X(I) & AREAS A(I)
C N = TOTAL NUMBER OF DATA POINTS 




POINT (I) LOCATION AND (LOCATN(I))
c 1 EXIT OF FLOW CONDITIONER (FC)
c 2 -1 0 FLOW CONDITIONING BARREL (BAR)
c 11 BELLMOUTH ENTRANCE (BMO)
c 12-15 BELLMOUTH (BMO)
c 16 BELLMOUTH EXIT (ILD)
c 17-25 INLET DUCT (ILD)
c 26 COMPRESSOR INLET (BULLET NOSE) (BLN)
c 27-30 1/5, 2/5,3/5, AND 4/5 OF DISTANCE
c FROM COMPRESSOR INLET TO FIRST ROTOR (BLN)
c 31,41,51,ETC. ROTOR LEAD EDGE (R)
c 32,42,52,ETC. ROTOR, 1/3 THROUGH (R)
c 33,43,53,ETC. ROTOR, 2/3 THROUGH (R)
c 34,44,54,ETC. ROTOR TRAIL EDGE (R)
c 35,45,55,ETC. HALFWAY BETWEEN ROTOR TRAIL EDGE
c AND LEAD EDGE OF FOLLOWING STATOR (R/S)
c 36,46,56,ETC. STATOR LEAD EDGE (S)
c 37,47,57,ETC. STATOR, 1/3 THROUGH (S)
c 38,48,58,ETC. STATOR, 2/3 THROUGH (S)
c 39,49,59,ETC. STATOR TRAIL EDGE (S)
c 40,50,60,ETC. HALFWAY BETWEEN STATOR TRAIL EDGE
c AND LEAD EDGE OF NEXT ROTOR (S/R)
c
C 30'S = 1ST STAGE, 40'S = 2ND STAGE,..., 220'S = 20TH STAGE.
C
C FLOW CONDITIONING BARREL X'S AND A'S. (DO 200 LOOP)
DO 2001= 1,10,1 
X(I) =XC(l)/10 
A(l) =AC(1)
XTOT(1) = I*X(I) - X(I)
200 CONTINUE
C BELLMOUTH X’S AND A'S. (DO 210 LOOP)
D O 2101 = 11,15,1
X(I) = XC(2)/5 
XTOT(I) = XTOT(l-l) + X(I-l) 
CONTINUE210
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C AXIAL CROSS SECTION OF SURFACE OF BELLMOUTH MODELED AS ELLIPSE
PI = 3.14159259
BI = (AC(2) + AC(3) - 2*(AC(2)**.5)*(AC(3)**.5))/PI 
B2 = (AC(2)/PI)**.5 
A(11) = AC(2)
A(12) = PI * ((B2-(B 1 *(1 -< 16.0/25.0)))**.5)**2.0)
A(13) = PI * ((B2-(Bl*(l-(9.0/25.0)))**.5)**2.0)
A(14) = PI * ((B2-(B1*(1-(4.0/25.0)))**.5)**2.0)
A(15) = PI * ((B2-(Bl*(l-(1.0/25.0)))**.5)**2.0)
C INLET TUBE X'S ANDA'S. (DO 220 LOOP)
DO 2201 = 16,25,1 
X(I) =XC(3)/10 
A(I) =AC(3)
XTOT(I) = XTOT(I-1) + X(I-l)
220 CONTINUE
C INLET TO COMPRESSOR X'S AND A'S
X(26) =XC(4)/5 
XTOT(26) = XTOT(25) + X(25) 
A(26) =AC(4)
1= 4
DO 225 I = 27,30,1
X(l) =XC(4)/5
XTOT(1) = XTOT(I-l) + X(I-l)
A(I) = ARL(l) + (AC(4) - ARL(l)) * (J/5.0) 
J = J-l
225 CONTINUE
C COMPRESSOR STAGES AND COMPRESSOR EXIT X'S ANDA'S. (DO 230 LOOP)
DO 230 J = 1,NST,1
K = 30+ 10*J-10
X(K+1) = XR(J)/3
XTOT(K+1) = XTOT(K) + X(K)
X(K+2) = XR(J)/3
XTOT(K+2) = XTOT(K+1) + X(K+1)
X(K+3) =XR(J)/3
XTOT(K+3) = XTOT(K+2) + X(K+2)
X(K+4) =XRS(J)/2
XTOT(K+4) = XTOT(K+3) + X(K+3)
X(K+5) =XRS(J)/2
XTOT(K+5) = XTOT(K+4) + X(K+4)
X(K+6) =XS(J)/3
XTOT(K+6) = XTOT(K+5) + X(K+5)
X(K+7) = XS(J)/3
XTOT(K+7) = XTOT(K+6) + X(K+6)
X(K+8) = XS(J)/3
XTOT(K+8) = XTOT(K+7) + X(K+7)
X(K+9) = XSR(J)/2
XTOT(K+9) = XTOT(K+8) + X(K+8)
X(K+10) = XSR(J)/2
XTOT(K+10)= XTOT(K+9) + X(K+9)
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A(K+1) = ARL(J)
A(K+2) = MIN(ARL(J),ART(J)) + (ABS(ARL(J) - ART(J)))*.666 
A(K+3) = MIN(ARL(J),ART(J)) + (ABS(ARL(J) - ART(J)))*.333 
A(K+4) = ART(J)
A(K+5) = MIN(ART(J),ASL(J)) + (ABS(ART(J) - ASL(J)))*.5O 
A(K+6) = ASL(J)
A(K+7) = MIN(ASL(J),AST(J)) + (ABS(ASL(J) - AST(J)))*.666 




















DO 2501 = 2,10,1 
LOCATN(I) = 'BAR'
250 CONTINUE
DO 2601= 11,15,1 
LOCATN(I) = 'BMO'
260 CONTINUE
DO 2701= 16,25,1 
LOCATN(I) = 'ILD'
270 CONTINUE




DO 280 J = 30,220,10
IF (J.EQ.30) THEN 
LOCATN(J+1) = 'R 1' 
LOCATN(J+2) = 'R 1' 
LOCATN(J+3) = 'R 1' 
LOCATN(J+4) = 'R 1' 
LOCATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S 1' 
LOCATN(J+7) = 'S 1' 
LOCATN(J+8) = 'S 1' 
LOCATN(J+9) = 'S 1' 
LOCATN(J+10)= 'S/R'
ELSE IF (J.EQ.40) THEN 
LOCATN(J+1) = 'R2' 
LOCATN(J+2) = 'R 2' 
LOCATN(J+3) = 'R 2'
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L0CATN(J+4) = 'R 2' 
LOCATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S 2' 
L0CATN(J+7) = 'S 2' 
LOCATN(J+8) = 'S 2' 
L0CATN(J+9) = 'S 2' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.50) THEN 
LOCATN(J+1) = 'R 3' 
LOCATN(J+2) = 'R 3' 
LOCATN(J+3) = 'R 3' 
L0CATN(J+4) = 'R 3' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'S 3' 
LOCATN(J+7) = 'S 3' 
L0CATN(J+8) = 'S 3' 
L0CATN(J+9) = 'S 3' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.60) THEN 
LOCATN(J+1) = 'R 4' 
LOCATN(J+2) = 'R4' 
LOCATN(J+3) = 'R 4' 
LOCATN(J+4) = 'R 4' 
LOCATN(J+5) = 'R/S' 
L0CATN(J+6) = 'S 4’ 
L0CATN(J+7) = 'S 4' 
L0CATN(J+8) = 'S 4' 
L0CATN(J+9) = 'S 4' 
LOCATN(J+10)= 'S/R1 
ELSE IF (J.EQ.70) THEN 
LOCATN(J+1) = 'R 5' 
LOCATN(J+2) = 'R 5' 
LOCATN(J+3) = 'R 5' 
L0CATN(J+4) = 'R 5' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'S 5' 
LOCATN(J+7) = 'S 5' 
L0CATN(J+8) = 'S 5' 
L0CATN(J+9) = 'S 5' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.80) THEN 
LOCATN(J+1) = 'R 61 
L0CATN(J+2) = 'R 6' 
LOCATN(J+3) = 'R 6' 
L0CATN(J+4) = 'R 6' 
LOCATN(J+5) = 'R/S' 
L0CATN(J+6) = 'S 6’ 
LOCATN(J+7) = 'S 6' 
LOCATN(J+8) = 'S 6' 
LOCATN(J+9) = 'S 6' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.90) THEN 
LOCATN(J+1) = 'R 7' 
LOCATN(J+2) = 'R 7' 
LOCATN(J+3) = 'R 7' 
L0CATN(J+4) = 'R 7' 
L0CATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S 7' 
LOCATNQ+7) = 'S 7' 
LOCATN(J+8) = 'S 7  
L0CATN(J+9) = 'S 7' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.100) THEN 
LOCATN(J+1) = 'R 8’ 
LOCATN(J+2) = 'R 8'
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L0CATN(J+3) = 'R 8' 
L0CATN(J+4) = 'R 8' 
LOCATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S 8' 
L0CATN(J+7) = 'S 8’ 
L0CATN(J+8) = 'S 8' 
LOCATN(J+9) = 'S 8' 
LOCATN(J+10)= 'S/R'
ELSE IF (J.EQ. 110) THEN 
LOCATN(J+1) = 'R 9' 
LOCATN(J+2) = 'R 9' 
LOCATN(J+3) = 'R 9' 
LOCATN(J+4) = 'R 9' 
LOCATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S 9' 
LOCATN(J+7) = 'S 9' 
LOCATN(J+8) = 'S 9' 
LOCATN(J+9) = 'S 9' 
LOCATN(J+10)= 'S/R'
ELSE IF (J.EQ. 120) THEN 
LOCATN(J+1) = 'RIO' 
LOCATN(J+2) = 'RIO' 
L0CATN(J+3) = 'RIO' 
L0CATN(J+4) = 'RIO' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'SI O' 
LOCATN(J+7) = 'SI O' 
LOCATN(J+8) = 'S10’ 
L0CATN(J+9) = 'SI O' 
LOCATN(J+10)= 'S/R'
ELSE IF (J.EQ. 130) THEN
LOCATN(J+1) = 'R11' 
LOCATN(J+2) = 'R11’ 
LOCATN(J+3) = 'R l1' 
L0CATN(J+4) = 'Rl 1' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'SI 1' 
LOCATN(J+7) = 'S11' 
LOCATN(J+8) = 'SI 1' 
L0CATN(J+9) = 'S il ' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ. 140) THEN 
LOCATN(J+1) = 'R12' 
L0CATN(J+2) = 'R12' 
LOCATN(J+3) = 'R12' 
L0CATN(J+4) = 'R12' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'SI 2' 
L0CATN(J+7) = 'SI 2' 
L0CATN(J+8) = 'S12' 
L0CATN(J+9) = 'SI 2' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ. 150) THEN 
LOCATN(J+1) = 'R13' 
L0CATN(J+2) = 'Rl 3' 
L0CATN(J+3) = 'Rl 3' 
L0CATN(J+4) = 'R13' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'S13' 
LOCATN(J+7) = 'SI 3' 
LOCATN(J+8) = 'SI 3' 
LOCATN(J+9) = 'SI 3' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ. 160) THEN 
LOCATN(J+1) = 'R14'
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L0CATN(J+2) = 'R14' 
L0CATN(J+3) = 'R14' 
L0CATN(J+4) = 'R14' 
LOCATN(J+5) = 'R/S' 
L0CATN(J+6) = 'S14' 
L0CATN(J+7) = 'SI 4' 
L0CATN(J+8) = 'SI 4' 
L0CATN(J+9) = 'S14' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.170) THEN 
LOCATN(J+1) = 'R1S' 
LOCATN(J+2) = 'R15' 
LOCATN(J+3) = 'R l5' 
L0CATN(J+4) = 'R15' 
LOCATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S15' 
LOCATN(J+7) = 'SI 5' 
L0CATN(J+8) = 'SI 5' 
L0CATN(J+9) = 'SI 5' 
LOCATN(J+10)= 'S/R'
ELSE IF(J.EQ.180)THEN 
LOCATN(J+1) = 'R16' 
L0CATN(J+2) = 'R16' 
L0CATN(J+3) = ’Rl 6' 
L0CATN(J+4) = 'Rl 6' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'SI 6’ 
L0CATN(J+7) = 'SI 6' 
L0CATN(J+8) = 'SI 6' 
L0CATN(J+9) = 'SI 6' 
LOCATN(J+10)= 'S/R'
ELSE IF (J.EQ.190) THEN 
LOCATN(J+1) = 'R17' 
L0CATN(J+2) = 'Rl 7' 
LOCATN(J+3) = 'R17' 
LOCATN(J+4) = 'R17' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'SI 7' 
L0CATN(J+7) = 'SI 7’ 
LOCATN(J+8) = 'S17' 
LOCATN(J+9) = 'S17' 
LOCATN(J+10)= 'S/R'
ELSE IF (J.EQ.200) THEN
LOCATN(J+1) = 'R18' 
LOCATN(J+2) = 'R18' 
LOCATN(J+3) = 'R18' 
L0CATN(J+4) = 'Rl 8' 
L0CATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S18' 
L0CATN(J+7) = 'SI 8' 
LOCATN(J+8) = 'S18' 
LOCATN(J+9) = 'S18' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.210) THEN 
LOCATN(J+1) = 'R19' 
L0CATN(J+2) = 'Rl 9' 
LOCATN(J+3) = 'R19' 
LOCATN(J+4) = 'R19' 
L0CATN(J+5) = 'R/S' 
L0CATN(J+6) = 'SI 9' 
LOCATN(J+7) = 'SI 9' 
LOCATN(J+8) = 'SI 9' 
LOCATN(J+9) = 'S19' 
LOCATN(J+10)= 'S/R' 
ELSE IF (J.EQ.220) THEN
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LOCATN(J+1) = 'R20' 
LOCATN(J+2) = 'R20' 
LOCATN(J+3) = 'R20' 
LOCATN(J+4) = 'R20' 
LOCATN(J+5) = 'R/S' 
LOCATN(J+6) = 'S20' 
LOCATN(J+7) = 'S20' 
LOCATN(J+8) = 'S20' 




























MODEL OF FLOW THROUGH CRF AND COMPRESSOR
ATMOSPHERIC VALUES AND CONSTANTS
AIR VALUES
TSTP = 288 
PSTP =101325











DETERMINATION OF CONDITIONS AT THE EXIT OF THE FLOW CONDITIONER 







c  *****........... ..........................*..................******.......................................... ****........................
C DETERMINATION OF FLOW CONDITIONS THROUGH THE FLOW CONDITIONING
C BARREL UP TO THE START OF THE BELLMOUTH (POINTS 2-10);
C TURBULENCE IS A FUNCTION OF X, BUT OTHER FLOW VALUES REMAIN THE
C SAME AS THE LAST POINT. SUBROUTINE TEMPRATIO USED. DO 300 LOOP.
C *********.........................................................................................................................................









C DETERMINATION OF FLOW CONDITIONS AT THE START OF THE BELLMOUTH
C (POINT 11) & THROUGH THE BELLMOUTH TO ITS END (POINTS 12 -16);
C SUBROUTINE TEMPRATIO USED TO FIND FLOW VALUES. DO 310 LOOP.
C ***********................... *............*********..............*............*****..........................................








C .*» .* .*
C DETERMINATION OF FLOW CONDITIONS THROUGH THE INLET DUCT TO THE
C COMPRESSOR INLET (POINTS 17-25); TURBULENCE AND ALL OTHER
C FLOW VALUES REMAIN THE SAME AS THE LAST POINT. SUBROUTINE
C TEMPRATIO USED. DO 320 LOOP.
........................................*................................*................**♦*..........*****








C DETERMINATION OF FLOW CONDITIONS IN THE COMPRESSOR.
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c
C INLET POINT TO FIRST ROTOR (POINTS 26 - 30)
C SUBROUTINE TEMPRATIO USED. (DO 330 LOOP).








C COMPRESSOR STAGES: SUBROUTINE TEMPRATIO USED. (DO 340 LOOP).
DO 340 J = 1,NST,1
C ROTOR LEAD EDGE (POINTS 31,41, 51, ETC.)
1 = 31 + I0*J -10 
IF (J.EQ.I) THEN
TTAFO) = TTAF(26)‘ (1.0+((TRR(J)-1.0)‘ .33))
PTAF0) = PTAF(26)‘ (1.0+((PRR(J)-l .0)‘ .33»
ELSE
TTAF(I) = TTAF(26), (TRS(J-lp-((TRR(J)-TRS(J-l))*.33))






C ROTOR (POINTS 32,42, 52, ETC.)












C ROTOR (POINTS 33,43, 53, ETC.)
1 = 33+10*1-10 
IF (l.EQ.l) THEN
TTAF(I) = TTAF(26)*(1,0+((TRR(J)-1.0)* 1.00))








TURB(I) = TURB(I-1) 
UPAF(I) = TURBO)*UAFO)
C ROTOR TRAIL EDGE (POINTS 34,44, 54, ETC.)
1 = 34+ 10*J-10
TTAF(I) = TTAF(26) * TRR(J)





C BETWEEN ROTOR TRAIL EDGE AND STATOR LEAD EDGE (POINTS 35, 45, ETC.) 
1 = 35 + 10*J-10 
TTAF(I) = TTAF(26) * TRR(J)





C STATOR LEAD EDGE (POINTS 36,46, 56, ETC.)
1 = 36+10*1-10
TTAF(I) = TTAF(26) * (TRR(J)+((TRS(J)-TRR(J))*.33))





C STATOR (POINTS 37,47, 57, ETC.)
1 = 37+ 10*J-10
TTAFO) = TTAF(26) * (TRR(J)+((TRS(J)-TRR(J))*.66))





C STATOR (POINTS 38, 48, 58, ETC.)
1 = 38+ 10*J-10
TTAF(I) = TTAF(26) * (TRR(J)+((TRS(J)-TRR(J))* 1.00))





C STATOR TRAIL EDGE (POINTS 39,49, 59, ETC.)
1 = 39+ 10*J- 10 
TTAF(I) = TTAF(26) * TRS(J)





C BETWEEN STATOR TRAIL EDGE AND NEXT ROTOR LEAD EDGE (POINTS 40, ETC.)
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CALCULATE TIME FOR FLOW TO PASS THROUGH EACH CELL AND TOTAL FLOW TIME 
FTO) = X(I)/UAF(I) AND FTT(I) = FTT0-1) + FT(I)
FTT(O) = 0 
DO 345 1= 1,N,1 
FTO) = X(I)/UAF(I)
FTTO) = FTT0-1) + FTO)
45 CONTINUE
CONVERT FTI(I) TO MILLISECONDS 
DO 3461= 1,N,1 
FTO) = FTO)* 1000
46 CONTINUE
OUTPUT FLOW VALUES TO EVAPDATA.OUT (USED TO TEST FLOW MODEL). 















































DO 500 LOOP RUNS DROP THROUGH ACCELERATION AND EVAPORATION ROUTINES FOR 
EACH POINT.
DO 5001 = 1,N,1
WRITE(6,*)' '
WRITE(6,*)'POINT ',1
PROGRAM ASSUMES THAT THE CONCENTRATION OF SEED VAPOR IN THE FLOWFIELD 
BEFORE SEEDING IS CONSTANT THROUGHOUT THE WIND TUNNEL AND COMPRESSOR 
DURING DROP EVAPORATION.
CVF(I) = CVF(l)
CALCULATE RELATIVE VELOCITYY OF DROP/FLOWFIELD, ACCELERATION OF DROP, 
AND TIME SPENT IN EACH POINTS CELL; SUBROUTINE RELATTVEU.
CALL RELATIVEU(I,UAF(I),UD(1),UD(I+1),X(I),D(I),MUA,RHOL) 
UR(I) = UAF(I) - UD(I)





TTI(I) = TTI(I-1) + TI(I)
CALCULATE THE EQU1LIBRUIM DROP TEMPERATURE TMSE(!) AND THE EQU1LIB. 
TRANSFER NUMBER B(I) FOR THE GIVEN AIR PROPERTIES; SUBROUTINE EQU1L1BTEMP.
CALL EQUILIBTEMP(I,B(I),TAF(I),TMSE(I),PAF(I),CPA,CPV,CVF(I), 
+ MWA,MWL,LTB,TB,TCR,C 1 ,C2,C3,TLOW)
WRITE(6,*)' —  EQTEMP: TMSE(I) = ',TMSE(I),
+ ' TMS(I) = ',TMS(I),' B(I) = ',B(I)
...........................****.......................................... ...................................................... *........................
C EVAPORATION ROUTINES:
C IF TMS < TMSE THEN CALL HEATUP SUBROUTINE (HEATUP)
C IF TMS = TMSE THEN CALL STEADY STATE EVAPORATION SUBROUTINE (EVAP)
C IF TMS > TMSE THEN CALL SUPERHEATED EVAPORATION SUBROUTINE (SUPERHEAT)
C * ................. *............................................ .................*****...........................................................
IF (TMS(I).LT.TMSE(I)) THEN
CALL HEATUP(I,B(I),D(I),D(I+1),UR(I),T1(I),TMS(I),TMS(I+1),
+ TMSE(I),TAF(I),PAF(I),C 1 ,C2,C3,CVF(I),CPA,CPL,CPV,
+ RHOA(I),RHOL,KA,KV,MUA,MUV,MWA,MWL,LTB,TB,TCR,TLOW)
C WRITE(6,*)' —  HEATUP: TMS(I) = ',TMS(I),
C + ' TMS(I+1) = ',TMS(I+1),' B(I) = ',B(I),
C + ' DIA(1+1) = ',D(I+1)
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ELSE IF (TMS(I).EQ.TMSE(I)) THEN 
CALL EVAP(I,B(I),D(I),D(I+1),UR(I),TI(I),TMS(I),TMS(I+1),
+ TAF(I),PAF(I),C I ,C2,C3>CVF(I),CPA,CPV,RHOA(I),
+ RHOL,KA,KV,MUA,MUV,MWA,MWL,TB,TLOW)
C WRITE(6,*)' —  EVAP: TMS(I) = ’,TMS(1),
C + ' TMS(1+1) = ',TMS(I+1))' B(I) = ',B(I),
C + ' DIA(I+1) = ',D(I+1)
ELSE IF (TMS(I).GT.TMSE(I)) THEN 
CALL SUPERHEAT(I,B(I),D(I),D(I+1),UR(I),TI(I),TAF(I),
+ TMS(I),TMS(I+1 ),TMSE(I),PAF(I),C 1 ,C2,C3,CVF(I),CPA,CPV,
+ RHOA(I),RHOL,KA,KV,MUA,MUV,MWA,MWL,LTB,TB,TCR,TLOW)
C WRITE(6,*)'—  SUPERHEAT: TMSfl) = ',TMS(I),
C + ’ TMS(I+1) = ',TMS(I+1),' B(I) = ',B(I),
C + ' DIA(I+1) = ',D(I+1)
ELSE













510 IF (IEND.EQ.l) THEN 






C OUTPUT OF DATA TO FILE EVAPDATA.OUT
C........*****.................. ................................... *,*****,«*«**, .. . .... .....
Q*****************************************************************************
C CHANGE DROP DIAMETERS TO MICRONS FOR OUTPUT 
DO550I = l,N,l 
IF (D(I).LE.O.O) THEN
D(I) = 0.0 
ELSE




C CHANGE PRESS. FROM PA TO KPA AND TIME IN CELL FROM S TO MS FOR OUTPUT 
D O560I = l,N,l




C PROGRAM ASKS USER WHAT OUTPUT IS DESIRED 
PRINT*,' ’
PR IN T*D O  YOU WANT FULL OR ABBREVIATED (DATA ONLY) OUTPUT ?' 













C OUTPUT OF CONTENTS OF INPUT FILE FLOW.DAT 
WRITE (6,1010)
WRITE (6,1040)
WRITE (6,1060) MFRC.MFRCE 
WRITE (6,1105) CVF(l)































C OUTPUT OF CONTENTS OF INPUT FILE SEED.DAT 
WRITE (6,1010)
WRITE (6,1360)
WRITE (6,1380) DC 
WRITE (6,1390) RHOL 
WRITE (6,1400) RHOV 
WRITE (6,1410) KL 
WRITE (6,1420) KV 
WRITE (6,1430) MUV 
WRITE (6,1440) CPL 
WRITE (6,1450) CPV 
WRITE (6,1460) TB 
WRITE (6,1470) TCR 
WRITE (6,1480) LTB 
WRITE (6,1490) MWL 
WRITE (6,1500) Cl,C2.C3 
WRITE (6,1555) TLOW
C OUTPUT OF EVAPORATION DATA FROM MAIN PROGRAM
985 WRITE (6,1000)
WRITE (6,1020)






C DO 990 LOOP WRITES DATA FOR EACH POINT (I)
DO 9901 = 1,N,1
WRITE (6,1650)1, LOCATNfl),XTOT(I),A(I),TAF(I),TTAF(I),PAF(I), 
+ PTAF(I),MN(I),UAF(I),UD(I),TMS(I),D(I),TI(I),FTT(I)
990 CONTINUE
1000 FORMAT ('1',' ')
1010 FORMAT (",' ')
1020 FORMAT f  ',5X,'COMPRESSOR RESEARCH FACILITY LIQUID DROPLET,
+ ' EVAPORATION MODEL')
1030 FORMAT (' ',5X,A20,2X,A20,2X,A20,2X,I2,' STAGES')
1032 FORMAT (’ ',5X,A20,2X,A20,2X,A20)
1040 FORMAT (' ',5X,'DATA IN INPUT FILE FLOW.DAT NOT IN THE OUTPUT)
1060 FORMAT (' ',5X,'CORRECTED MASS FLOW RATE IN CRF
+ ’ ',F6.2,' KG/S, (',F7.2,' LBM/S)')
1105 FORMAT (' ’,5X,'SEED MASS CONC. IN CRF BEFORE SEEDING = ',F7.4)
1110 FORMAT (",5X,'CRF AND COMPRESSOR GOEMETRY AND PERFORMANCE ',
+ 'INPUTS')
1140 FORMAT (",5X,'AREA, FLOW CONDITIONING BARREL = ',F84,
+ ' SQ. M')
1150 FORMAT (' ',5X,'DIST„ FLOW CONDITIONER TO BELLMOUTH = ',F8.4,
+ ' M')
1160 FORMAT (",5X,’AREA, BELLMOUTH ENTRANCE = ',F8.4,
+ ’ SQ. M')
1170 FORMAT (' ',5X,'DIST., BELLMOUTH ENTRANCE TO EXIT = ',F8.4,
+ ' M')
1180 FORMAT (' ',5X,'AREA, BELLMOUTH EXIT = ’,F8.4,
+ 'SQ.M ')
1190 FORMAT (' ',5X,'DIST„ BELLMOUTH EXIT TO COMP. INLET = ',F8.4,
+ ' M')
1200 FORMAT (' ',5X,'AREA, COMPRESSOR INLET = ',F8.4,
+ ' SQ. M')
1210 FORMAT (' ',5X,'AVG. DISTANCE, COMP. INLET TO R1 L.E. = ',F8.4,
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+ ' M')
1220 FORMAT (' ',5X,'AVG. AREA, R',I2,' LEAD EDGE 
+ ' = ',F8.4,' SQ. M')
1230 FORMAT (' ',5X,'AVG. AREA, R',I2,' TRAIL EDGE',
+ ' = ',F8.4,' SQ. M')
1240 FORMAT (",5X,'AVG. AREA, S',12,'LEAD EDGE',
+ ' = ',F8.4,' SQ. M')
1250 FORMAT (' ',5X,'AVG. AREA, S’,12,' TRAIL EDGE',
+ ' = ',F8.4,' SQ. M')
1260 FORMAT (' ’,5X,TEMP. RATIO, R',I2,' EXIT TO COMP. INLET = ',
+ F8.4)
1270 FORMAT (' ',5X,TEMP. RATIO, S',12,' EXIT TO COMP. INLET = ',
+ F8.4)
1280 FORMAT (' ',5X,'PRES. RATIO, R',I2,' EXIT TO COMP. INLET = ',
+ F8.4)
1290 FORMAT (' ',5X,'PRES. RATIO, S',12,' EXIT TO COMP. INLET = ',
+ F8.4)
1300 FORMAT (' ’,5X,'AVG. DIST., R',I2,’ L.E. TO T.E.
+ F8.4,'M')
1320 FORMAT (",5X,'AVG. DIST., S',12,'L.E. TO T.E.
+ F8.4,’ M')
1310 FORMAT (' ',5X,'AVG. DIST., R',I2,' T.E. TO S',12,' L.E.',
+ ' =',F8.4,'M')
1330 FORMAT (' ',5X,'AVG. DIST., S',12,' T.E. TO R',I2,' L.E.',
+ ' =',F8.4,'M')
1340 FORMAT (' ',5X,'AVG. DIST., S',12,' T.E. TO COMP. EXIT ',
+ ' = ',F8.4,' M')
1350 FORMAT (",5X,'AREA, COMPRESSOR EXIT =',F8.4,
+ ' SQ. M')
1360 FORMAT (' ',5X,’SEED MATERIAL PHYSICAL PARAMETERS')
1380 FORMAT (",5X,'DIFFUSION COEFFICIENT, VAPOR TO AIR = '.F11.8,
+ ' SQ.M / S')
1390 FORMAT (",5X,'DENSITY OF LIQUID = ',F9.3,
+ ' KG/M**3')
1400 FORMAT (",5X,'DENSITY OF VAPOR = ',F9.3,
+ ' KG/M**3')
1410 FORMAT (' ’,5X,'THERMAL CONDUCTIVITY OF LIQUID = ',F8.5,
+ ’ J / MSK')
1420 FORMAT (",5X,THERMAL CONDUCTIVITY OF VAPOR = ',F8.5,
+ ' J/M SK')
1430 FORMAT (' ',5X,'VISCOSITY OF VAPOR = ',F8.5,
+ ' KG /MS')
1440 FORMAT f  ',5X,'SPECIFIC HEAT AT CONST PRES., LIQUID = ',F9.3,
+ ’ J/K G K ')
1450 FORMAT (",5X,'SPECIFIC HEAT AT CONST PRES., VAPOR = ',F9.3,
+ ' J / KG K')
1460 FORMAT (' ',5X,'BOILING TEMPERATURE = ',F8.3,
+ ' K')
1470 FORMAT (",5X,'CRITICAL TEMPERATURE = ',F8.3,
+ ' K')
1480 FORMAT (' ',5X,'HEAT OF VAPORIZATION AT BOIL TEMP. = ',F 10.2,
+ ' J /KG')
1490 FORMAT (",5X,'MOLECULAR WEIGHT = ',F6.2,
+ ’ KG/KMOLE')
1500 FORMAT (' ',5X,’COEFFS. FOR SAT. VAPOR PRESS. EQN: Cl = ',
+ E14.6,' C2 = ',E14.6,' C3 = 'E14.6)
1555 FORMAT (' ',5X,'TEMP. BELOW WHICH SAT. VAP. PRESS. IS '
+ 'ALWAYS 0 (PA) = ',F8.3,' (K)')
1620 FORMAT (",' POINT LOCN DIST. AREA TS TO
+ ' PS PO MACH V VD TD DIA
+ ' DTIME FTIME')
1625 FORMAT (",' NO. (M) (M**2) (K) (K) ',
+ ' (KPA) (KPA) NO. (M/S) (M/S) (K) (MICRONS)',




1650 FORMAT (' ',5X,I3,4X,A3,1X,F6.2,2X,F5.2,2X,F7.2,2X,F7.2,2X,F8.3,
+ 2X,F8.3,F6.2,2X,F7.2,2X,F7.2,2X,F7.2,2X,F6.2,3X,F6.2,2X,F7.3)
1700 FORMAT f  ','CRF FLOW MODEL WITH ’,A20,' AND ’,A20)
1710 FORMAT (",' ')
1720 FORMAT (",'POINT LOCN DIST. FLOW TOTAL STATIC TOTAL
+ ' STATIC RHO MACH SPEED FLOW ')
1730 FORMAT (",' AREA TEMP. TEMP. PRESS.’,
+ ' PRESS. AIR NO. OF SOUND VEL. TURB. DTIME 
+ 'TIME')
1740 FORMAT(",' (M) (M**2) (K) (K) (PA)',
+ ' (PA) (KG/M**3) (M/S) (M/S) (MS) ',
+ '(S )')
1750 FORMAT ('','--------------- — --------------------------
+ '---------- ')































CVA - SPECIFIC HEAT AT CONST. VOLUME OF AIR 





REAL* 8 GAM, TAF, CPA, CVA
C IMPROVEMENT: CURVE FIT DATA FOR CPA AS FCN. OF T AND EXPRESS CPA AS 
C CPA = CPAC(1 )*(T**0) + CPAC(2)*(T** 1) + CPAC(3)*(T**2); DO THE SAME FOR CVA
TAF = TAF 
CPA = 1004.4 















































ASTAR, A CALCULATED VALUE OF AREA AT MACH = 1, IS BASED ON EQN# 4.17 
FROM THE DYNAMICS AND THERMODYNAMICS OF COMPRESSIBLE FLUID FLOW' 
BY ASCHER SHAPIRO. IN THE CRF, CHOKED FLOW OCCURS IF THE FLOW AREA IS 
LESS THAN ASTAR, SO THIS SUBROUTINE WILL NOT ALLOW AN AREA LESS THAN 
ASTAR TO BE INPUT AND THUS ONLY CALCULATES FLOW PROPERTIES FOR MACH 
LESS THAN 1.
STANDARD TEMP. AND PRESS.: TSTP = 288 K, PSTP = 101325 PA
TCALC, A CALCULATED VALUE OF TAF, IS BASED ON EQN.# 3.28 FROM 
'MODERN COMPRESSIBLE FLOW' BY JOHN D. ANDERSON.
THE FLOW VALUES CALCULATED ARE BASED ON THE ISENTROPIC FLOW 
EQUATIONS IN CH.3 OF ANDERSON'S 'MODERN COMPRESSIBLE FLOW'.
THIS SUBROUTINE DOES NOT CALCULATE TURB OR UPAF.




REAL* 8 DIFF,TOL, ASTAR, ARATIO 
INTEGER I
INTRINSIC ABS,SQRT,EXP
C CHECKS IF AREA/ASTAR IS < 1.
C CHOKED FLOW CONDITIONS WILL NOT PERMIT AREA/ASTAR < 1, SO THE 
C PROGRAM OUTPUTS AN ERROR MESSAGE AND SETS AREA = ASTAR.
GAM =1.4
ASTAR = (MFR*SQRT(TTAF)/PTAF) *
+ (1/SQRT((GAM*GC/R)*((2/(GAM+1))**((GAM+1)/(GAM-1)))))
ARATIO = A/ASTAR 
IF (ARATIO.LE.l) THEN 
A = ASTAR
WRITE(6,*)' ***** PROGRAM ERROR: TEMPRATIO FLAG1 POINT',I 
ELSE 
ENDIF
C INITIAL GUESS OF TAF 
TAF = TTAF






SS = (GAM*R*TAF*GC)**.5 
UAF = MFR/(RHOA*A)
MN = UAF/SS
TCALC = TTAF / (1 + (((GAM-1)/2)’ (MN**2))) 
DIFF = TAF- TCALC





























SUBROUTINE CALCULATES THE CHANGE IN DROP VELOCITY ARISING FROM 





INTERNAL: UD1: SENT VALUE: DROP VEL. AT START OF CELL
UD2: RETURNED: DROP VEL. AT START OF NEXT CELL
THEORY SOURCE: LEFEBVRE, 'ATOMIZATION AND SPRAYS' (FORCE ON DROP), 
AND BEER AND JOHNSON, 'DYNAMICS' (PARTICLE VELOCITY)






UD2 = UDI + ((18*MUA*(UAF-UDI)*X)/(RHOL*(D“ 2)*UAF))
IF ((UD1.LT.UAF) .AND. (UD2.GT.UAF)) THEN 
UD2 = UAF
ELSE IF ((UD1.LT.UAF) .AND. (UD2.LT.UD1)) THEN
WRITE(6,*)'“ *“  PROGRAM ERROR: RELU FLAG1, POINT',I 
UD2 = UAF
ELSE IF ((UD1.GT.UAF) .AND. (UD2.LT.UAF)) THEN
UD2 = UAF
ELSE IF ((UD1.GT.UAF) .AND. (UD2.GT.UD1))THEN



























SUBROUTINE FINDS THE WET-BULB OR EQUILIBRIUM TEMPERATURE TMSE 








THEORY: LEFEBVRE, 'ATOMIZATION AND SPRAYS'
SUBROUTINE EQUILIBTEMP(I,B,TAF,TMSE,PAF,CPA,CPV,CVF,MW A,MWL, 
+ LTB,TB,TCR,C1,C2,C3,TLOW)
IMPLICIT NONE




1 = 1 
N = 0
TMSE = TLOW
100 N = N+1
IF (N.GT. 10000) THEN
WRITE(6,*)“ •*•* PROGRAM ERROR: EQUILIBTEMP FLAG 1, POINT ',1 
TMSE = TAF 
GOTO 500
ELSE IF (TMSE.GT.TB) THEN
WRITE(6,*)'♦**** PROGRAM ERROR: EQUILIBTEMP FLAG 2, POINT ',1 
TMSE = TB 
GOTO 500
ELSE IF (TMSE.GT.TAF) THEN




C CALC. PSV IN MM HG, DEG K
PSVM = C1 * EXP( C2*(TMSE**1) + C3*(TMSE**2))
C CONVERT PSVM FROM MM HG TO PA 
PSV = PSVM* 133.3224 
IF (PSV.LT.0.0) THEN
PSV = .00001





PS = PSV + PAF
CVS = ((PSV*MWL)/((PSV*MWL)+((PS-PSV)*MWA)))




CVR = CVS + ((CVF-CVS)/3)
CAR = 1 -CVR





WRITE(6,*)'**•** PROGRAM ERROR: EQUILIBTEMP FLAG 3, POINT ',1 





B = BT 
GOTO 500
ELSE




































SUBROUTINE CALCULATES THE CHANGE IN DROP DIAMETER DUE TO 
EVAPORATION UNDER CONDITIONS WHEN THE DROP IS BELOW ITS WET-BULB 
(EQUILIBRUIM) TEMPERATURE TMSE; THE DROP AND SURROUNDING AIR HAVE 
NOT REACHED STEADY STATE EVAPORATION OR EQUILIBRUIM CONDITIONS.
EVAPORATION IS LESS THAN FOR STEADY STATE CONDITIONS BECAUSE 
FLOWFIELD MUST NOT ONLY EVAPORATE THE DROP BUT MUST ALSO RAISE 
ITS TEMPERATURE.














MER,PI, MUM, PRM, RE, LMST.LMPST, CHECK, D1 S,TOL,DIFF 1 ,DIFF2, 
TIME,DIA,MASS,TEMP,
DTIME,DDIA,DTEMP - DELTA(TIME,DIA, OR TEMP)
RTIME - REMAINING TIME DROP IS IN CELL IF HEATUP IS




SUBROUTINE HEATUP(I,B,D 1 ,D2,UR,TI,TMS,TMS2,TMSE,TAF,PAF,
+ C 1 ,C2,C3,CVF,CPA,CPL,CPV,RHOA,RHOL,KA,KV,
+ MUA,MUV,MWA,MWL,LTB,TB,TCR,TLOW)
IMPLICIT NONE
















C DIVIDES CELL INTO 10 STEPS; DOES HEATUP CALCULATIONS FOR EACH STEP; IF DROP 
C REACHES TMSE IT THEN GOES TO "RTIME" PORTION FOR STEADY STATE EVAPORATION 
C FOR THE REMAINING TIME IT IS IN THE CELL





C CALC PSV IN MM HG, DEG K
PSVM = Cl * EXP( C2*(TEMP**1) + C3*(TEMP**2))
C CONVERT MMHG TO PA
PSV = PSVM* 133.3224 
C IF TEMP < TLOW, SET PSV = .00001
IF (TEMP.LE.TLOW) THEN
PSV = 0.00001




PS =PSV + PAF
CVS = ((PSV*MWL)/((PSV*MWL) + ((PS-PSV)*MWA)))
IF (CVS.LT.0.0) THEN 
CVS = 0.0 
ELSE
ENDIF
CVR = CVS + ((CVF-CVS)/3)
CAR= 1.0-CVR
CPM = (CAR*CPA) + (CVR*CPV)
KM = (CAR*KA) + (CVR*KV)








DIFF2 = ABS(B -BT)
IF ((DIFF1.LT.TOL).AND.(DIFF2.LT.TOL)) THEN
TMS2 = TAF - (BT*LTS/CPM)










+ ( ( (MAX(BT.BM)) Z (MIN(BT,BM))) -1))
TIME =TIME + DTIME 
TEMP = TEMP + DTEMP 
IF (TEMP.GE.TMSE) THEN
TEMP = TMSE 
GOTO 250
ELSE IF (TEMP .GT. TAF) THEN 




DIA = DIA - DDIA





250 RTIME = TI - TIME
IF (RTIME .GT. .00001) THEN
TMS2 =TEMP
MUM = CAR*MUA + CVR*MUV 
PRM = ABS(MUM*CPM/KM)
RE = ABS(RHOA*UR*DIA/MUM)
LMST = (8*KM*LOG(1+BM))/(CPM*RHOL) 
LMPST = LMST*(I+.3*(RE**.5)*(PRM**.33)) 
CHECK = LMPST*TI 
DIS = D1A**2.O 
B =BM
IF (DIA.LT.0.0) THEN
D2 = DIA 
GOTO 300
ELSE IF (CHECK.GT.D1S) THEN 
D2 = -.OO1 
GOTO 300
ELSE


































SUBROUTINE CALCULATES DROP DIAMETER CHANGE DUE TO EVAPORATION IN 
STEADY-STATE CONVECTION CONDITIONS WHERE THE DROP IS AT THE 






















TMS = TB 
ELSE 
ENDIF
C CALC PSV IN MM HG, DEG K
PSVM = Cl * EXP( C2*(TMS**1) + C3*(TMS**2))
C CONVERT PSVM TO PA
PSV = PSVM* 133.3224
C IF TMS < TLOW, THEN SET PSV = .00001 
IF (TMS.LE.TLOW) THEN
PSV = 0.00001 
ELSE IF (PSV.LT.0.0) THEN
PSV = 0.00001 
ELSE 
ENDIF
PS = PSV + PAF
CVS = ((PSV*MWL)/((PSV*MWL) + ((PS-PSV)*MWA))) 
IF (CVS.LT.0) THEN






CPM = CAR*CPA + CVR*CPV
KM = CAR*KA + CVR*KV
MUM = CAR* MU A + CVR’ MUV
PRM = ABS(MUM*CPM/KM)
RE = ABS(RHOA*UR*D1/MUM)




IF (DI .LT.0.0) THEN
D2 = D1




































SUBROUTINE CALCULATES EVAPORATION FROM DROP IF DROP TEMP IS GREATER 
THAN WET-BULB (EQILIBRIUM) DROP TEMP TMSE FOR THE PRESENT FLOWFIELD 

















LEFEBVRE, 'ATOMIZATION AND SPRAYS'
PROGRAM SETS TMS(I+I) = TMSE(I); ASSUMES THAT THE DROP COOLS TO TMSE 
IN THE PRESENT CELL
SUBROUTINE SUPERHEAT(I,B,D1 ,D2,UR,TI,TAF,TMS,TMS2,TMSE,PAF,












TMS = TB 
ELSE 
ENDIF
C CALC PSV IN MMHG AND DEG K
PSVM = Cl * EXP(C2*(TMS**1) + C3*(TMS**2))
C CONVERT PSVM TO PA
PSV = PSVM* 133.3224
C CHECK IF PSV < 0 OR IF TMS < TLOW 
IF (TMS.LE.TLOW) THEN
PSV = .00001
ELSE IF (PSV.LT.0.0) THEN
PSV = .00001 
ELSE 
ENDIF








CPM = CAR*CPA + CVR*CPV 
KM = CAR*KA + CVR*KV 




BT = CPM*(TAF-TMS)/LTS 
BM =CVS/(1-CVS)
LMST = ABS((8*KM*LOG(1+BM))/(CPM*RHOL)) 
LMPST = ABS(LMST*(1+.3*(RE**.5)*(PRM**.33)))




ELSE IF (CHECK.GT.D1S) THEN
D2 = -.00001 
ELSE
D2 = SQRT((D1 **2.0) - (LMPST’TI))
ENDIF






SAMPLE OF DATA FILE EVAPDATA.OUT
The follow ing page contains a typical sample o f  the data output from  
DRYER.FOR. The file shown is data for the evaporation o f  a 1 micron glycerine drop 
inserted with zero velocity into the CRF for standard atmospheric flow  conditions.
I l l
COMPRESSOR RESEARCH FACILITY LIQUID DROPLET EVAPORATION MODEL 
TEST FLOW 1 GLYCERINE ADLARF
POINT LOCN DIST. AREA TS TO PS PO MACH V VD TD DIA DTIME FTIME
NO. (M) (M**2) (K) (K) (KPA) (KPA) NO. (M/S) (M/S) (K) (MICRONS) (MS) (S)
I FC 0.00 7.30 287.97 288.00 101.286 101.325 0.02 8.01 0.00 288.00 1.00 0.00 0.060
2 BAR 0.48 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.120
3 BAR 0.97 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.181
4 BAR 1.45 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.241
5 BAR 1.93 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.301
6 BAR 2.41 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.361
7 BAR 2.90 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.421
8 BAR 3.38 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.482
9 BAR 3.86 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.542
10 BAR 4.34 7.30 287.97 288.00 101.286 101.325 0.02 8.01 8.01 287.97 1.00 60.21 0.602
11 BMO 4.83 3.51 287.86 288.00 101.155 101.325 0.05 16.67 8.01 287.97 1.00 17.75 0.611
12 BMO 4.97 1.26 286.91 288.00 99.996 101.325 0.14 46.68 16.67 287.86 1.00 8.53 0.614
13 BMO 5.11 0.76 284.93 288.00 97.597 101.325 0.23 78.52 46.68 286.91 1.00 3.05 0.616
14 BMO 5.25 0.53 281.21 288.00 93.212 101.325 0.35 116.78 78.52 284.93 1.00 1.81 0617
15 BMO 5.39 0.42 276.26 288.00 87.596 101.325 0.46 153.59 116.78 281.21 1.00 1.22 0618
16 ILD 5.54 0.39 273.54 288.00 84.623 101.325 0.51 170.40 153.59 276.26 1.00 1.49 0.619
17 ILD 5.77 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.620
18 ILD 5.99 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.622
19 ILD 6.22 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.623
20 ILD 6.45 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.624
21 ILD 6.68 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.626
22 ILD 6.91 0.39 273.54 288.00 84.623 101.325 0.51 170 40 170.40 273.54 1.00 1.34 0.627
23 ILD 7.14 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.628
24 ILD 7.37 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1.34 0.630
25 ILD 7.59 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 1 34 0.631
26 BLN 7.82 0.39 273.54 288.00 84.623 101.325 0.51 170.40 170.40 273.54 1.00 0.28 0.631
27 BLN 7.87 0.38 272.64 288.00 83.654 101.325 0.53 175.63 170.40 273.54 1.00 0.28 0.632
28 BLN 7.92 0.37 271.63 288.00 82.571 101.325 0.55 181.31 175.63 272.64 1.00 0.27 0.632
29 BLN 7.97 0.36 270.50 288.00 81.375 101.325 0.57 187.48 181.31 271.63 1.00 0.26 0.632
30 BLN 8 01 0.36 269.21 288.00 80.023 101.325 0.59 194.26 187.48 270.50 1.00 0.25 0 632
31 R 1 8.06 0.35 306.11 315.56 131.381 146.131 0.39 137.83 194.26 269.21 1.00 0.23 0 633
32 R 1 8.11 0.31 335.30 343.12 176.143 190.937 0.34 125.32 137.83 306.11 1 00 0.33 0.633
33 R 1 8.15 0.28 364.07 371.52 220.892 237.101 0.32 122.27 125.32 335.30 1.00 0 36 0.633
34 R 1 8.20 0.24 361.39 371.52 215.249 237.101 0.37 142.65 122.27 364.00 1.00 0.12 0.634
35 R/S 8.21 0.24 361.06 371.52 214.555 237.101 0.38 144.98 142.65 361.30 0.99 0.11 0 634
36 S 1 8.23 0.24 360.70 371.52 213.825 237.101 0.39 147.40 144.98 361.00 0.99 0.18 0.634
37 S 1 8.25 0.22 359.06 371.52 210.441 237.101 0 42 158.16 147.40 360.70 0.99 0.17 0.634
38 S 1 8.28 0.21 356 99 371.52 206.229 237.101 0.45 170.81 158.16 359.00 0.99 0.16 0.634
39 S 1 8.31 0.19 354.27 371.52 200.776 237.101 0.49 186.12 170.81 356.99 0.98 0 08 0 634
40 S/R 8.32 0.19 353.73 371.52 199 710 237.101 0.50 189.01 186.12 354.27 0.98 0.07 0 634
41 R2 8.33 0.19 393.47 405.73 270627 301.300 0.39 156.99 189.01 353.70 0.98 0 07 0 634
42 R2 8.35 0.18 428.68 439.95 333.794 365.500 0.36 150.43 156.99 392.80 0.98 0 08 0 634
43 R2 8.36 0.16 464.08 475.20 397.330 431.645 0.35 149.45 150.43 425.00 0.97 0.09 0.635
44 R2 8.37 0.15 461.29 475.20 389.049 431.645 0.39 167.16 149.45 451.80 0.94 0 04 0 635
45 R/S 8.38 0.14 460.81 475.20 387.628 431.645 0.39 169.99 167.16 449.80 0.85 0.03 0.635
46 S2 8.38 0.14 456.87 471.40 388.094 432.982 0.40 170.77 169.99 449.50 0.79 0.12 0.635
47 S2 8.40 0.14 451.79 467.60 385.106 434.319 0.42 178.15 170 77 446.90 0.52 0.12 0.635
48 S2 8.42 0.13 446.38 463.68 381.432 435.698 0.44 186.42 178.15 443.40 0.00 0.00 0 635
49 S2 8.44 0.12 444.03 463.68 374.476 435.698 0.47 198.61 0.00 0.00 0.00 0.00 0.635
50 EX 8.48 0.13 447.99 463.68 386.278 435.698 0.42 177.50 0.00 0.00 0.00 0.00 0.635
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A PPE N D IX  C
SE E D , C O M PR E SSO R , A N D FL O W  IN PU T FILE S
SE E D .D A T
The following pages are the input files for DRYER.FOR. First are the three 
versions o f SEED.DAT. These contains the material property values for glycerine, 



















LINE 1: SEEDNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE SEED.DAT 
LINE 2: DC - DIFFUSION COEFFICIENT OF SEED VAPOR TO AIR (M**2/S)
LINE 3: RHOL - DENSITY OF SEED LIQUID (KG/M**3)
LINE 4: RHOV - DENSITY OF SEED VAPOR (KG/M**3)
LINE 5: KL - THERMAL CONDUCTIVITY OF SEED LIQUID (J/M S K)
LINE 6: KV - THERMAL CONDUCTIVITY OF SEED VAPOR (J/M S K)
LINE 7: MUV - DYNAMIC VISCOSITY OF SEED VAPOR (KG/M S)
LINE 8: CPL - SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED LIQUID 
(J/KGK)
LINE 9: CPV - SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED VAPOR 
(J/KG K)
LINE 10: TB - BOILING TEMPERATURE OF SEED LIQUID (K)
LINE 11: TCR - CRITICAL TEMPERATURE OF SEED LIQUID (K)
LINE 12: LTB - LATENT HEAT OF VAPORIZATION AT BOILING TEMPERATURE 
OF SEED LIQUID (J/KG)
LINE 13: MWL - MOLECULAR WEIGHT OF SEED LIQUID (KG/KMOLE)
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LINE 14: Cl 
LINE 15: C2 
LINE 16: C3
LINES 14,15,16:
THE COEFFICIENTS TO THE TERMS OF A SECOND ORDER EQUATION 
FOR THE SATURATED VAPOR PRESSURE OF THE SEED LIQUID (PSV) 
AS A FUNCTION OF TEMPERATURE (T), IN MM HG AND DEGREES K, 
WHERE:
PSV = C l •  EXP( C2*(T**1) + C3*(T**2))
LINE 17: TLOW - TEMPERATURE (K) BELOW WHICH SATURATED VAPOR 
PRESSURE IS ALWAYS 0 (PA). THIS IS A SAFETY 





















LINE 1: SEEDNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE SEED.DAT 
LINE 2: DC - DIFFUSION COEFFICIENT OF SEED VAPOR TO AIR (M**2/S)
LINE 3: RHOL - DENSITY OF SEED LIQUID (KG/M**3)
LINE 4: RHOV- DENSITY OF SEED VAPOR (KG/M**3)
LINE 5: KL - THERMAL CONDUCTIVITY OF SEED LIQUID (J/M S K)
LINE 6: KV - THERMAL CONDUCTIVITY OF SEED VAPOR (J/M S K)
LINE 7: MUV - DYNAMIC VISCOSITY OF SEED VAPOR (KG/M S)
LINE 8: CPL - SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED LIQUID 
(J/KG K)
LINE 9: CPV - SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED VAPOR 
(J/KG K)
LINE 10: TB - BOILING TEMPERATURE OF SEED LIQUID (K)
LINE 11: TCR - CRITICAL TEMPERATURE OF SEED LIQUID (K)
LINE 12: LTB - LATENT HEAT OF VAPORIZATION AT BOILING TEMPERATURE 
OF SEED LIQUID (J/KG)




LINES 14, 15, 16:
THE COEFFICIENTS TO THE TERMS OF A SECOND ORDER EQUATION 
FOR THE SATURATED VAPOR PRESSURE OF THE SEED LIQUID (PSV)
AS A FUNCTION OF TEMPERATURE (T), IN MM HG AND DEGREES K,
WHERE:
PSV = Cl * EXP( C2*(T**I) + C3*(T**2))
LINE 17: TLOW - TEMPERATURE (K) BELOW WHICH SATURATED VAPOR 
PRESSURE IS ALWAYS 0 (PA). THIS IS A SAFETY 




















LINE 1: SEEDNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE SEED.DAT 
LINE 2: DC - DIFFUSION COEFFICIENT OF SEED VAPOR TO AIR (M* *2/S)
LINE 3: RHOL - DENSITY OF SEED LIQUID (KG/M**3)
LINE 4: RHOV- DENSITY OF SEED VAPOR (KG/M**3)
LINE 5: KL - THERMAL CONDUCTIVITY OF SEED LIQUID (J/M S K)
LINE 6: KV - THERMAL CONDUCTIVITY OF SEED VAPOR (J/M S K)
LINE 7: MUV - DYNAMIC VISCOSITY OF SEED VAPOR (KG/M S)
LINE 8: CPL - SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED LIQUID 
(J/KG K)
LINE 9: CPV - SPECIFIC HEAT AT CONSTANT PRESSURE OF SEED VAPOR 
(J/KG K)
LINE 10: TB - BOILING TEMPERATURE OF SEED LIQUID (K)
LINE 11: TCR - CRITICAL TEMPERATURE OF SEED LIQUID (K)
LINE 12: LTB - LATENT HEAT OF VAPORIZATION AT BOILING TEMPERATURE 
OF SEED LIQUID (J/KG)




LINES 14, 15, 16:
THE COEFFICIENTS TO THE TERMS OF A SECOND ORDER EQUATION 
FOR THE SATURATED VAPOR PRESSURE OF THE SEED LIQUID (PSV)
AS A FUNCTION OF TEMPERATURE (T), IN MM HG AND DEGREES K,
WHERE:
PSV = Cl * EXP( C2*(T**1) + C3*(T**2))
LINE 17: TLOW - TEMPERATURE (K) BELOW WHICH SATURATED VAPOR 
PRESSURE IS ALWAYS 0 (PA). THIS IS A SAFETY 
NET FOR THE CURVE FIT ALGORITHM.
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C O M PR E SSO R .D A T
This file is the single COMPRESSOR.DAT file used. It models the ADLARF 















































COMPNAME - AN UP TO 40 CHARACTER DESCRIPTION OF COMPRESSOR.DAT 
NST - NUMBER OF STAGES IN TEST COMPRESSOR (INTEGER)
AC(1) - CROSS SECTIONAL AREA OF FLOW COND. BARREL (M**2)
XC(1) - AXIAL DISTANCE FROM FLOW CONDITIONER TO BELLMOUTH
ENTRANCE (M)
AC(2) - CROSS SECTIONAL AREA OF BELLMOUTH ENTRANCE (M**2)
XC(2) - AXIAL DISTANCE FROM BELLMOUTH ENTRANCE TO BELLMOUTH
EXIT OR START OF INLET TUBE (M)
AC(3) - CROSS SECTIONAL AREA OF INLET TUBE (M**2)
XC(3) - AXIAL LENGTH OF INLET TUBE (M)





XC(4) - AXIAL DISTANCE FROM COMPRESSOR INLET TO START OF 
FIRST ROTOR (M)
AC(5) - CROSS SECTIONAL AREA OF COMPRESSOR EXIT (M**2) 
XC(5) - AVERAGE AXIAL DISTANCE FROM END OF LAST STATOR TO 
EXIT OF COMPRESSOR (M)
LINES 13 - END: THE FOLLOWING 12 LINES SHOULD BE REPEATED FOR EACH 
STAGE (I) OF THE COMPRESSOR, STARTING WITH STAGE 1
LINE: TRR(I) - TOTAL TEMPERATURE RATIO OF EXIT OF ROTOR(I) TO 
COMPRESSOR INLET (NO UNITS)
LINE: PRR(I) - TOTAL PRESSURE RATIO OF EXIT OF ROTOR(I) TO 
COMPRESSOR INLET (NO UNITS)
LINE: ARL(I) - AVERAGE CROSS SECTIONAL AREA OF LEADING EDGE OF 
ROTOR(I) (M**2)
LINE: ART(I) - AVERAGE CROSS SECTIONAL AREA OF TRAILING EDGE OF 
ROTOR(I) (M**2)
LINE: XR(I) - AVERAGE AXIAL DISTANCE FROM LEADING EDGE TO 
TRAILING EDGE OF ROTOR0) (M)
LINE: XRS(I) - AVERAGE AXIAL DISTANCE FROM TRAILING EDGE OF 
ROTOR(I) TO LEADING EDGE OF STATOR(I) (M)
LINE: TRS(I) - TOTAL TEMPERATURE RATIO OF EXIT OF STATOR(I) TO 
COMPRESSOR INLET (NO UNITS)
LINE: PRS(I) - TOTAL PRESSURE RATIO OF EXIT OF STATOR(I) TO 
COMPRESSOR INLET (NO UNITS)
LINE: ASL(I) - AVERAGE CROSS SECTIONAL AREA OF LEADING EDGE OF 
STATORfl) (M**2)
LINE: AST(I) - AVERAGE CROSS SECTIONAL AREA OF TRAILING EDGE OF 
STATOR(I) (M**2)
LINE: XS(I) - AVERAGE AXIAL DISTANCE FROM LEADING EDGE OF 
STATOR(I) TO TRAILING EDGE OF STATOR(I) (M)
LINE: XSR(I) - AVERAGE AXIAL DISTANCE FROM TRAILING EDGE OF 
STATOR(I) TO LEADING EDGE OF ROTOR(I+1) (M).
FOR THE LAST STAGE, THIS IS THE DISTANCE FROM 
THE END OF THE LAST STATOR TO THE COMPRESSOR 
EXIT.
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FL O W .D A T
The twenty FLOW.DAT input files were used to simulate various flow 










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.











LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.











LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.











LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.











LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.











LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.











LINE 1. FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(l) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF(l) - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(l) - INITIAL SEED LIQUID TEMPERATURE (K)
LINE 6: D(l) - INITIAL SEED DROPLET DIAMETER (M)
LINE 7: CVF(l) - MASS CONCENTRATION OF SEED VAPOR IN FREE STREAM 
PRIOR TO SEEDING (NO UNITS). THIS VALUE IS USUALLY 
EQUAL TO 0 UNLESS WATER IS THE SEED MATERIAL.










LINE 1: FLOWNAME - AN UP TO 40 CHARACTER DESCRIPTION OF FILE FLOW.DAT 
LINE 2: MFRC - CORRECTED MASS FLOW RATE OF AIR IN CRF (KG/S)
LINE 3: TTAF(1) - TOTAL TEMPERATURE OF AIR IN CRF (K)
LINE 4: PTAF( 1 > - TOTAL PRESSURE OF AIR IN CRF (PA)
LINE 5: TMS(I) - INITIAL SEED LIQUID TEMPERATURE (K)
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